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FOREWORD 
This repor t  summarizes t h e  work conducted by McDonnell Douglas A s t r o n a u t i t s  

Company-East (MDAC-E) i n  S t .  Louis, Missouri f o r  t h e  S t r u c t u r e s  and Mechanics 

Division of t he  NASA J o ~ s o n  Space Center (NASA-JSC) under Contract NAs9-13439, 

"Data Corre la t ion  and Analysis of A r c  Tunnel and Wind Tunnel T e s t  of S I  J o i n t s  

and Gaps". 

and Volume I1 - Data Base. 

31 January 1974. 

This  f i n a l  repor t  c o n s i s t s  of two volumes: Volume I - Technical Report 

The per iod  of performance w a s  from 16 May 1973 t h r u  

Mr. Donald J. T i l l i a n  w a s  t h e  NASA Technical Monitor f o r  this study; Messrs. 

8. E. Christensen and H. W. Kipp were t h e  MDAC P r i n c i p a l  Inves t iga to r  and Study 

Manager, respec t ive ly .  

D r .  H. J. Brandon, Messrs. L. H. Ebbesmeyer, H. J .  Five l ,  D. A. Osborne and T. W. 

Parkinson. 

Johnson Space Center and Langley Research Center i n  providing experimental  da t a ,  

supplemental ca l cu la t ions  and valuable counsel w a s  ins t rumenta l  t o  t h e  success- 

f u l  completion of t h i s  study. 

S ign i f i can t  cont r ibu t ions  t o  t h i s  study were made by 

The cooperation of numerous NASA Personnel at  Ames Research Center, 

The I n t e r n a t i o n a l  System of Units is used as t h e  primary system for a l l  

results repor ted  herein.  

System of Units which w a s  used as t h e  primary system f o r  ca l cu la t ions  made dur ing  

t h e  course of t h i s  study. 

Tbe results are a l s o  repor ted  i n  the B r i t i s h  Engineering 

i V  
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Heat transfer data measured in gaps typ ica l  of those under consideration f o r  

joints in Space Shut t le  RS1 thermal protection systems have been assimilated,  analyzed 

and correlated.  

Jet, the LaRC Mach 10 Continuous Flow Hypersonic T m n e l ,  the  LaRC Mach 8 Variable 

Density Tunnel and the Ames 3.5' Hypersonic Wind Tunnel. Several types of gaps 

were investigated w i t h  emphasis on simple but t  jo in ts .  

t o  0.7 cm and depths ranged from 1 t o  6 cm. 
boundary l ayer  flows over the gap opening w e r e  investigated.  

gap axis and external flow w a s  varied between 0 and r /2  radians. 

cross sect ion gap performed s igni f icant ly  b e t t e r  than a l l  o ther  wide gaps a i d  

s l i g h t l y  b e t t e r  than all other  narrow gap geometries. 
var ia t ions were observed within gaps in the absence of external  flow pressure 

gradients. 

tests. 

Shut t le  entry t ra jectory.  

in Volume 11. 

The data were obtained in four NASA f a c i l i t i e s ,  the  JSC 10 MhI Arc 

Gap widths ranged f r o r  0.07 

Laminar, t r ans i t i ona l  and turbulent 

The angle between 

The "contoured" 

Three-dimensional heating 

Heat t ransfer  correlat ion equations were obtained f o r  several of the 

TPS performance with and without gaps w a s  compared €or a representative 

Experimental data employed i n  the study a r e  surmnarized 

i 
! :  

, 
I 

T- 

v i  i 
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INVESTIGATORS TEST FACILITY DATA DESCRIPTION 

D. J. T I L L I A N  JSC 10 MW ARC TUNNEL LAMINAR B.L.; 60 RUNS; MULLITE 
H. E. CHRISTENSEN CHANNEL NOZZLE RSI  MODELS; BUTT, CONTOURED, 

AND CONDITIONS 
c A 

(1972-1973 4 .2  < M < 4.7  INCLINED, STEPPED BUTT AND OVER- 
Re m-1 = 50,000 LAPPED BLOCK JOINTS. 

I 

D. A. THROCKMORTON LaRC MACH 10 CFHT TURBULENT B.L.; 153 RUNS; THIN SKIN 
H. E. CHRISTENSEN MODEL TESTED I N  MODEL; BUTT JOINTS WITH I N L I N E  AND 

STAGGERED GAPS; FLOW ORIENTATION, 
T I L E  HEIGHT MISMATCH AND GAP WIDTH 
VARIED. 

6 (1  973) TUNNEL WALL 
Re m-1 = 3.3  X 10 

r 

C. B. JOHNSON LaRC MACH 8 VDT, MODEL LAMINAR AND TUFBULENT B.L.; THIN 
I N  TUNNEL WALL AND FREE SKIN MODELS; I N L I N E  AND STAGGERED 
STREAM 6( BUTT JOINTS. 
l . lX106  e Re < 40x10 

( 1  972) 

REPORT MDC E1003 
29 JANUARY 1974 

1.0 INTRODUCTION 

The reusable  sur face  i n s u l a t i o n  (RSI) thermal pro tec t ion  system (TPS) f o r  

Space S h u t t l e  requi res  gaps a t  RSI j o i n t s  to accomodate s t r u c t u r a l  d e f l e c t i o n  r e s u l t -  

i n g  from loads and thermal expansion. I n  addi t ion ,  allowance m u s t  be  made f o r  

manufacturing and assembly tolerances.  A t  room temperature, gap widths under 

cur ren t  considerat ion are nominally 0.127 c m  (0.050") 5 .038 c m  (.015"). I n  o r b i t a l  

operat ion,  these may s h r i r k  t o  near  zero during cold soak or grow by a s  much as 25%. 

The successfu l  appl ica t ion  of RSI material f o r  S h u t t l e  thermal pro tec t ion  is 

s i g n i f i c a n t l y  a f f e c t e d  by en t ry  heat ing wi th in  t h e  RSI gaps. Gap width, depth, 

crossect ion geometry, gap o r i e n t a t i o n ,  boundary l a y e r  state and s u r f a r e  mismatch 

are all known t o  a f f e c t  convective hea t ing  within the  gap and hea t  leakage t o  t h e  

protected substructure .  For instance,  present  s tudy results i n d i c a t e  a ,127 c m  

wide f lush  t ransverse b u t t  gap increases  TPS thickness requirements by approximately 

1/2 above the  thickness  required with no gap. 

During 1972 and 1973, extensive tests of various gap configurat ions were run 

by NASA t o  provide a da ta  base f o r  accurate  assessment of gap heating. Data were 

taken i n  both wind tunnels  and i n  arc tunnels.  

segment of the a v a i l a b l e  da ta  ( l i s t e d  i n  Figure 1) was analyzed and cor re la ted  t o  

obta in  methods f o r  pred ic t ing  hea t ing  i n  the RSI gaps on Shut t le .  

In  the present s tudy,  a l a r g e  

GAP HEATING DATA SOURCES 

W. K. LOCKMAN 
C. B. t3LUMER 

(1973) 

AMES 3.5 FOOT HWT FREE 
STREAM MODEL B. L.; 71 RUNS; FLAT PLATE THIN 
5.0 < M < 5.2 SKIY MODEL; INL INE,  TRANSVERSE AND 
1X106 c Re m-' < 4.6X106 

LAMINAR, TRANSITIONAL AND TURBULENT 

SWEPT BUTT JOINTS. 

1 F igure  1 
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The following Imjm tasks  were performed during the  study: 

o Assimilation of gap hea t ing  da ta  from NASA f a c i l i t i e s  

o Analysis of t h e  data t o  determine hea t ing  rates and s e n s i t i v i t i e s ;  

comparison of t he  various candidate j o i n t s  

Corre la t ion  of t h e  a s s imi l a t ed  da t a  and the development of a gap hea t ing  

procedure which w a s  appl ied  t o  t h r e e  S h u t t l e  t r a j e c t o r i e s .  

o 

This volume descr ibes  t h e  assimilation, ana lyses  and c o r r e l a t i o n s  r e s u l t i n g  from the  

study as w e l l  as the  conclusions se r ived  therefrom. Volume I1 of t h i s  r epor t  

p resents  t h e  b a s i c  gap hea t ing  d a t a  inc luding  a desc r ip t ion  of each test f a c i l i t y ,  

run schedule, test condi t ions  and model d e s c r i p t i v e  information. 

3 

2 

MCDONNIOLL DOU(PLAS nsrmontaumcs COMPANY 8 EABT 



FINAL REPORT 
VOLUME I 

REPORT MDC E1003 
29 JANUARY 1974 

2.0 SUMMARY 
This s tudy of hea t  t r a n s f e r  da t a  within gaps representa t ive  of those occuring 

a t  j o i n t s  i n  the  Space Shu t t l e  RSI thermal p ro tec t ion  system was performed i n  three  

tasks ,  namely, d a t a  ass imi la t ion ,  da t a  ana lys i s  and co r re l a t ion  of r e s u l t s .  

l i g h t s  of these t a sks  are summarized i n  t h i s  sec t ion .  

High- 

The d a t a  a s s imi l a t ion  task e n t a i l e d  compilation and eva lua t ion  of t he  gap 

heat ing da ta  from sources  l i s t e d  i n  Figure 1. 

magnetic tapes  provided by the var ious tes t  f a c i l i t i e s  ard t ranscr ibed i n t o  a uni- 

form format i n  a gap heat ing da ta  bank. 

24 a t t r i b u t e  words were assigned t o  each hea t ing  da ta  point .  

consis ted of information such as t e s t  and geometry i d e n t i f i e r s ,  instrumentat ion 

loca t ions ,  flow o r i e n t a t i o n ,  i nv i sc id  flow condi t ions  and boundary l a y e r  parameters. 

A computer program, named SELECT, w a s  w r i t t e n  t o  access the d a t a  bank t o  r e t r i e v e  

se lec ted  da ta  f o r  f u r t h e r  eva lua t ion  and ana lys i s .  

preparing input  da t a  f o r  the  subsequent mul t ip le  regress ion  ana lys i s .  

d a t a  are compiled i n  a tes t  da t a  document which i s  the second volume of t h i s  f i n a l  

report .  

The experimental  da t a  were read from 

To f a c i l i t a t e  da t a  r e t r k v a l  and ana lys i s ,  

These a t t r i b u t e  words 

The SELECT program was used f o r  

The ass imi la ted  

The da ta  ana lys i s  t a sk  consis ted of numerous sub t a sks  which included reduct ion 

of temperature h i s t o r i e s  measured on RSI t i l e s  i n  the  JSC 10 MW channel nozzle t o  

heat  f l ux  by means of an  inverse  so lu t ion .  

i n  the da t a  bank. Addit ional  sub tasks  included graphic  d a t a  presenta t ion ,  data- 

theory comparison, s e n s i t i v i t y  ana lys i s  and boundary l aye r  ca l cu la t ions .  End re- 

s u l t s  of the  ana lys i s  t a sk  included the  i d e n t i f i c a t i o n  of s i g n i f i c a n t  phenomena ob- 

served i n  the  test program and the  prepara t ion  of da t a  f o r  co r re l a t ion .  One of the 

s a l i e n t  r e s u l t s  from comparing bondline temperature responses of the  var ious j o i n t  

configurat ions t e s t ed  i n  the JSC a r c  j e t  is the conclusion tha t  whereas g i p  geometry 

is r e l a t i v e l y  unimportant f o r  narrow gaps (0.125 cm - 0.050 i n ) ,  f o r  l a r g e r  w i d t h s  

tha contoured j o i n t  provides s i g n i f i c a n t l y  k t t t e r  hea t  p ro t ec t ion  than any o the r  

j u i t i t .  

of t i l e s  is highly three-dimensional is based on da ta  taken i n  the CFHT tests. 

F ina l ly ,  examination of gap da ta  with laminar ex te rna l  boundary l aye r s  i nd ica t e s  

t h a t  no s i g n i f i c a n t  d i f f e rence  e x i s t s  between normalized heat ing rate d i s t r i b u t i o n s  

obtained i n  a r c  j e t s  and conventional wind tunnels .  I t  remains t o  be seen i f  t h i s  

conclusion holds f o r  tu rbulen t  ex te rna l  boundary layers .  

These da t a  were subsequently incorporated 

The s i g n i f i c a n t  observat ion t h a t  gap hea t  t r a n s f e r  d i s t r i b u t i o n s  i n  an a r ray  

Corre la t ing  equat ions f o r  s eve ra l  important c l a s s e s  of gap hea t ing  were ob- 

ta ined  with the a s s l s t ance  of m u l t i p l e  regress ion  ana lys i s .  Corre la t ions  were 

3 
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obtained f o r  t ransverse  gaps and in- l ine  gaps i n  t h e  presence of a laminar e x t e r n a l  

boundary l a y e r  using the d a t a  obtained in t he  JSC 10  MW Channel Nozzle. Two trans- 

verse  gap c o r r e l a t i o n s  f o r  tu rbulen t  external boundary l a y e r s  were obLained f o r  da t a  

from the  LaRC CFHT and from the  Mach 8 VDT. 
from t h e  CFHT d a t a  descr ib ing  the  e f f e c t  of flow angle on gap hea t ing  with a turbu- 

l e n t  external boundary layer.  

I n  addi t ion ,  a n  equation w a s  obtained 

An assessment w a s  made of t h e  inf luence  of gap hea t ing  on TPS requirements f o r  

6 laminar external boundary l a y e r  using a r ep resen ta t ive  S h u t t l e  e n t r y  t r a j e c t o r y .  

These ca l cu la t ions  show an inc rease  i n  RSI TPS thickness of from 30% t o  40% is  re- 

quired t o  compensate f o r  t h e  adverse e f f e c t  produced by b u t t  j o i n t  gaps 0.075 cm 

t o  0.200 (0.030 I n  t o  0.080 i n )  wide. 
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The four  test programs c o n s t i t u t i n g  the  p r i n c i p a l  d a t a  base f o r  t h i s  study are 
summarized i n  Figure 1, Sect ion 1.0. Volume I1 of t h i s  repor t  contain8 - -1ete 

summary of the  da ta  which were assimilated.  The sources of addi t ionc :&a a '-ack- 

ground information are c i t e d  i n  t h e  re levant  port ions of t h e  t e x t  and l i s t e d  i n  Lhe 

References. 

arrangements is depicted in Figure 2. 

Terminology used i n  t h i s  r e p o r t  t o  descr ibe gap configurat ions an2 t i l e  

Gap heat ing tests .erformed i n  t h e  channel nozzle  of t h e  JSC 10 mw A r c  Tunnel 

employed a r r a y s  of  Mull i te  RSI t i le  which were heavi ly  instrumented on gap sur faces  

and i n  depth at  t h e  center  of one t i le  5n each array.  

provide heat ing data i n  t h e  presence of a high enthalpy laminar boundary layer .  

gaps between the  t i l e s  were adjus tab le  t o  s tudy t h e  e f f e c t s  of gap width using con- 

s i s t en t  sets of instrumentation. 

and 0.762 cm) with t i l e  tr k k n e s s  of 3.175, 5.08 and 6.35 cm. Thir teen models 

employing a v a r i e t y  of gap and t i l e  configurat ions were tes ted .  

t h e  arc tunnel and shows a 5.08 CQ b u t t  joA-it modo-1. 

earlier gap hea t ing  test i n  which t h e  t i l es  were mounted on a wedge model holder  

r a t h e r  than i n  t h e  w a l l  of t h e  channel nozzle. 

i n  t h e  channel nozzle and i n  the  earlier wedge holder is a l s o  shown. Temperature 

response d a t a  from t h i r t y - s i x  gap loca t ions  were analyzed t o  obta in  b e a t  f l u x  using 

the inverse s o l u t i o n  technique as described in Sect ion 4.2 Comparisons of t h e  heat  

protect ion afforded by the  various j o i n t  configurat ions tested appears i n  Section 

4.1. 

appears i n  Volume 11. 

The tests were designed t o  

The 

Four gap s e t t i n g s  were employed (0.127, 0.254, 0.381 

Figure 3 depic t s  

Also shown is a photo of an 

The matr ix  of  configurat ions t e s t e d  

A more complete descr ip t ion  of t h e  f a c i l i t y  models, test condi t ions and da ta  

The gap heat ing tests conducted i n  the  LaRC Nach 10 C R I T  employed a wall-  

mounted t h i n  s k i n  "tile" model. These tests provided da ta  i n  the presence of  

a r e l a t i v e l y  thick turbulen t  boundary layer .  The instrumented t h i n  s k i n  t i l e  

was surrounded by 211 ar ray  of  minstrumented RSI t i les .  The model was mounted 

on a t u r n t a b l e  t o  permit v a r i a t i o n  of flow o r i e n t a t i o n  r e l a t i v e  t o  the  t i l e  array.  

Figure 4 s h o w  t h e  instrumented t i l e ,  the  surrounding matrix of uninstrumented 

RSI t i l e s  and t h e  i n s t a l l a t i o n  i n  the CFHT tunnel  wal l .  A photograph of  the  

i n s t a l l a t i o n  is shown i n  Figure 5. A t o t a l  of 157 runs was made a t  a uni t  Reynolds 
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6 number per  meter of 3.28 x 10 . The test matr ix  included n ine  flow o r i e n t a t i o n s  

(0 t o  a12 degrees) ,  four  gap widths ( . 1 2 7 ,  .229,  .457,  .711 cm) and th ree  s t e p  

he ights  (0, +.254,  and - . X 8  cm). 

4 . 3  and co r re l a t ion  i n  Sect ions 5.3 and 5.4.. The test f a c i l i t y ,  model descr ip-  

t i o n  test condi t ions and da ta  are documented i n  Volume 11. Addit ional  documenta- 

t i o n  may be found i n  Reference 1. 

Analysis of the da t a  is documented i n  Sect ion 

Gap hea t ing  da ta  were obtained by C. B. Johnson i n  the  LaRC Mach 8 Variable 

Density Tunnel (VDT) i n  the  presence of laminar and turbulen t  boundary layers. 

The models used simulated t h i n  sk in  t i les  which were mounted i n  a curved p l a t e  

which w a s  t e s t e d  both i n  t h e  f r e e  stream and mounted f lu sh  t o  the tunnel w a l l .  

I n  each model pos i t ion ,  t he  test s e c t i o n  u n i t  Reynolds number w a s  var ied over 

the  range of  1.1 x lo6 t o  40 x 106 per  meter; both in- l ine  and s taggered t i l e  

configurat ions were employed. 

of  22 tes t  runs w a s  ass imi la ted ;  these  r e s u l t s  toge ther  with a de ta i l ed  t e s t  

descr ip t ion  are presented i n  Volume 11 and Reference 2 .  

da ta  is described i n  Sect ion 4 . 4 .  

The t i l e  geometry is shown i n  Figure 6 .  A t o t a l  

Analysis of t he  VDT 

Laminar, t r a n s i t i o n a l  and turbulen t  boundary l aye r s  were encountered i n  the 

gap hea t ing  tests conducted by W. K. Lockman and C. 8 .  Blumer i n  the 4mes 3.5 Foot 

Hypersonic Wind Tunnel (HWT). 

i n t o  which 68.6 x 106.7 CUI instrumented t h i n  s k i n  test articles were inser ted .  The 

f i v e  insert configurat ions w e d  i n  t h i s  test program are shown i n  Figure 7 .  

configurat ions include a f l a t  p l a t e  

t ransverse  gap with and without a sur face  s t e p ,  mul t ip le  t ransverse  gaps, s taggered 

t i l e s  and skewed i n t e r s e c t i n g  gaps. 

da t a  are described i n  d e t a i l  i n  Volume I1 and Reference 3. The ana lvs i s  o f  t h e  

Ames da ta  in discussed i n  Sect ion 4.5. 

The model cons is ted  of a 68.6 x 152.4 cm carrier p l a t e  

The 

w e d  fo r  c a l i b r a t i o n  purposes, a s i n g l e  

The test program, the models and r e su l t i ng  

‘ I  
10 
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4.0 DATA ANALYSIS 

1 

J 

T 

4.1  Heat P ro tec t ion  Ab i l i t y  of Candidate J o i n t s  - Comparisons of the  heat  

p ro t ec t ion  performance of candidate RSI j o i n t  configurat ions were made. These 

comparisons were based on maximum bondline heat-up (temperature r i s e )  r a t e s  

measured during tests i n  the  NASA JSC 10 MW channel nozzle a r c  tunnel.  Four j o i n t  

configurat ions were t e s t e d  ( b u t t ,  conto red ,  i n c l i n e d  and overlap block) .  The b u t t  

j o i n t  w a s  t e s t e d  with forward- and a f t - f a c i n g  s t e p s  a t  t he  t ransverse j o i n t  and 

with gap w a l l  emittances of 0.6 (white) and 0.9 (black).  The o the r  configurat ions 

were t e s t e d  only with "white" walls. The term "white" wa l l s  i s  used throuprhout 

the  tex t  and r e f e r s  t o  t i les  having white  gap w a l l s  (E = 0.b)  except f o r  t h e  f i rs t  

0.635 centimeters down t h e  gap, which i s  black ( E  = 0.9) .  

0.254, 0.381 and 0.762 centimeters were t e s t e d  for each combination of o t h e r  test 

va r i ab le s .  T i l e  thicknesses  of 3.18, 5.08 and 6.35 cent imeters  were t e s t e d ,  but  

not f o r  a l l  j o i n t  configurat ions.  The high c ross  range s h u t t l e  o r b i t e r  A2P en t ry  

heat ing rate-time h i s t o r y  was s i r u l a t e d  i n  t h e  NASA J S C  channel nozzle f o r  each 

test run. These test conditions r e su l t ed  i n  a laminar boundary l a v e r  displaceaent  

thickness of approximately 1.02 cm, a Mach number of approximately 4.5, and a 

I 

Gap widths o f  0.127, 

t h e o r e t i c a l  cold w a l l  f l a t  p l a t e  heat ing rate of up t o  27.23 wattslcm'. 

For 5.08 centimeter t h i c k  t i l e s ,  t he  rate of bondline heat-up i n  t he  trms- 

ve r se  gap f o r  candidate j o i n t s  is shown i n  Figure 2 as a funct ion of gap width. 

The contoured j o i n t  a f fo rds  the  b e s t  heat  p ro t ec t ion .  A t  l a r g e  gap widths (up t o  

0.762 cm) the  v a r i a t i o n  among j o i n t  types i n  h e a t  p ro t ec t ion  a b i l i t y  i s  s u h s t m t i  11  

with t h e  forward-facing s t e p  (0.381 c m )  model exFeriencing almost 1.78"KIsec a t  

0.762 cm gap width. This is  i n  c o n t r a s t  t o  the af t - facing s t e p  which a f f o r d s  .ilmost 

a s  much heat  p ro t ec t ion  a s  t he  countoureL j o i n t .  T h e r n v l  response f o r  t ransvers i ,  

and a x i a l  gaps are compared i n  Figure 9. At small ga?s ( l e s s  than 0.381 cm), t he  

fomard-facing s i d e  of t he  gap experiences higher  bondline temperaturEs than the 

shielded af t - - fac ing  s i d e  o f  t h e  pap. For t!ie widest  gap (0.762 c n ) ,  hondlinc 

heat-up r a t e  is the  same f o r  both s i d e s  of t he  t r ansve r se  gan. I%ondline heat-rip 

r a t e  f o r  t h i s  p a r t i c u l a r  morqci showed t h a t  a x i a l  gap heat ing was lowcr th , in  i r i  tile 

t r ansve r se  gap. 

The data  generated with b u t t  j o i n t  models having t i l e  thicknesses  of 3 . 1 8  and 

6.35 cent imeters  .ind a gap wall emittance of 0.6 (white) a r e  presentcd i n  F igurw 

10 and 11. Figure 10 p resen t s  bondline heat-up rates f o r  t he  3.18 centimeter 

b u t t  j o i n t s .  As was expected, t hese  da t a  show a sharp inc rease  i n  h t ~ i ~ t - ~ p  I - . - I~c  ,is 

the  gap was opened. There is no c l e a r  d i f f e r e n t i a t i o n  of heat ing i n  the t r ansve r se  

i 
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gap as opposed t o  t h e  a x i a l  gap, but  t he  d a t a  unexpectedly i n d i c a t e  hea t ing  on the  

upstream w a l l  of t h e  t r ansve r se  gap t o  exceed hea t ing  on the  forward-facing w a l l .  

No d a t a  a r e  a v a i l a b l e  f o r  t h e  upstream axial loca t ion ,  due t o  instrumentat ion f a i l -  

ure.  

not  only t o  increased i n s u l a t i o n ,  but a l s o  t o  a reduced s e n s i t i v i t y  t o  gap width f o r  

most l oca t ions .  Figure 11 shows t h a t  t h e  downstream p a r a l l e l  gap l o c a t i o n  and both 

of t h e  t ransverse loca t ions  were i n s e n s i t i v e  t o  t h e  presence of t h z  gaps f o r  widths 

of 0.381 centimeters o r  less.  Bondline heat-up rate (6.35 c m  t i l e )  a t  t he  upstream 

p a r a l l e l  gap l o c a t i o n  shows approximately t h e  same s e n s i t i v i t y  t o  increased gap 

width as do the  p a r a l l e l  gap measurements f o r  t h e  3.18 and 5.08 centimeter t h i c k  

t i l e? .  

The 6.35 centimeter t h i c k  t i l e s  (Figure 11) provide more hea t  P ro tec t ion  due 

Padiat ion wi th in  the  gaps is an important heat  z r ans fe r  mechanism which can be 

modified by app l i ca t ion  of emittance-control coat ings t a  t h e  gap w a l l s .  Computer 

s imulat ions have shown t h a t  bondline heat ing can b e  reduced by inc reas ing  gap w a l l  

emittance (Reference 4). The mechanism f o r  t h i s  reduct ion i s  r a d i a t i o n  from the  

high-temperature near-surface areas of t he  gap wa l l s  t o  the  environment. Espec ia l ly ,  

f o r  t he  mirror-image temperature d i s t r i b u t i o n s  of t he  a x i a l  gaps, increased r a d i a t i o n  

between gap w a l l s  will tend t o  equa l i ze  temperatures thus r a i s i n g  the bondline tem- 

pe ra tu re .  This equa l i za t ion  could,  however, provide some relief f o r  wide t r ansve r se  

paps where the  upstream-facing w a l l  receives  s i g n i f i c a n t l y  higher  convective heat ing 

than the  downstream-facing wal l .  I n  t h a t  ca se ,  r a d i a t i o n  from t h e  hot t o  the  co ld  

wal l  could reduce maximum bondline; temperatures.  1 
Figures 12, 13, and 14 present  t he  da t a  generated wi th  b u t t  j o i n t  models 

with t i l e  thicknesses  of 3.18, 5.08 and 6.35 centimeters and a gap wal l  emittance 

of 0.9. These da t a  a l s o  show a s t rong  s e n s i t i v i t y  of  j o i n t  bondline heat-up r a t e  

t o  gap width and do not show e i t h e r  tI& a x i a l  o r  t ransverse gap o r i e n t a t i o n  t o  be 

cons i s  t e n t  l y  h o t t e r  . 
A d i r e c t  comparison of  the  "black" and "white" coat ings is made i n  Figures 15  

through 18. 

inc reas ing  t i l e  thickness  f o r  four gap s e t t i n g s .  In most c a s e s ,  the  bondline heat-  

up r a t e s  fo r  a given t i l e  thickness a re  s i m i l a r  f o r  both t h e  black and white  coat ings.  

The t e s t  data  show t h a t  bondline heat-up r a t e s  were equal o r  s l i g h t l v  lower f o r  t h e  

high ei7:Ittance wa l l s  with two exceptions.  One escept ion could be due t o  a low 

response r a t e  (Figure 17  or 14) fo r  t h e  downstream a x i a l  gap bondline of the  

6 .35  centimeter t i l e  s e t  with the  0.381 centimeter gap s e t t i n g .  A more important 

These f igu res  show t h e  expec,ted decrease i n  bondline response with 

I8 
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except ion concerns response of t he  bondline o f  t h e  downstream w a l l  i n  t h e  t r ansve r se  

gap of the  6.35 centimeter t h i ck  t i l e  set .  For t h a t  t i l e  set  an8 loca t ion ,  a higher  

bondline heat-up rate was recorded af ter  applying a high-emittance coa i ing  to t h e  

gap wal ls .  This  inconsistency is unexplained, but is thought no t  to be a t t r i b u t a b l e  

t o  t h e  increased gap wa l l  emittance.  The recorded temperature d i s t r i b u t i o n  on t h e  

downstream gap wa l l  (point  C) is much higher  with t h e  "b1ack"coatinp than . i..i Lhe 

"white" r ce t ing  (Figure 19). 

w i l l  experience high r a t e s  ( "  r ad ian t  heat  t r a n s f e r .  I t  would b e  expecied, there- 

fo re ,  t h a t  i f  t h e  "black" coated downstream r a l l  is s i g n i f i c a n t l y  h o t t e r  than the  

corresponding "white" coated wall, t h e  "black" coated wal l  should a l s o  be h o t t e r  

than the  "white" coated w b l l  on t h e  upstream s i d e  o f  t h e  gap. 

taken on t h e  upstream (poi1.t F) w a l l  of t h e  gap, however, show l i t t l e  d i f f e r e n c e  

between the  "black" coat ing and the  "white" coa t ing  temperatures (Figure 19). 

instrumentat ion on t h e  upstream w a l l  of t he  t r ansve r se  gap is on the  s i d e  of t h e  

model (s tarboard s i d e )  opposi te  of t h a t  f o r  t he  downstream w a l l  (por t  s i d e ) .  There 

is no reason, however, t o  expect t h a t  the heat ing t o  these  two l o c a t i o n s  should 

d i f f e r  s i g n i f i c a n t l y .  As a r e s u l t ,  t h e  high bondline heat-up rates rreasured on 

the  "black" coated downstream w a l l  of  t h e  t r ansve r se  gap of the  6.35 centimeter 

t i l e  model should not compromise the  conclusion t h a t  increased gap w a l l  emittance 

has l i t t l e  e f fec t  on bondline heat-up rate. 

Two p a r a l l e l ,  I ;gh temperature, high emit tance walls 

Comparison of d a t a  

Review of  t h e  behavior of t he  b u t t  j o i n t  d a t a  w i l l  provide some i n s i g h t  i n t o  

the  o: aerved va r i a t ions .  For these tes ts ,  t h e r e  a r e  th ree  primary parameters which 

a f f e c t  bondline response at  t h e  gaps: 1) gap width t u  depth r a t i o ,  2 )  s c a l e  of t h e  

gap r e l a t i v e  t o  boundarv l a v e r  thickness  (e.8.. t h e  r a t io  of gap width to  boundary 

l a y e r  t h i ckness ) ,  anJ 3) heat t r p n s f e r  wi th in  o r  between t i l e s  ( i . e . ,  conduction 

and rndi. i t ion).  T h e  f i rs t  o f  these,  gap geometry, has ,I s t r o n g  inf luence on flow 

s t i u c t  rc wi th in  t+e gap (Reference 5)  and on r a d i a t i o n  eschange between the gap 

wal ls .  I t  is the re fo rc  important t o  the  d i s t r i b u t i o n  of energv deep wi th in  the 

gap.  The r a t i o  o i  pap width t o  boiindarv l ave r  thickness  is .I determinant of the  

port ion of t he  houndnry layer  which m.iV be "captured" by t h e  pap w\1ich, i n  t \ irn,  

de f ines  the energy of t he  "captured" flow and t h e  heat ing which r c s u l t s  from flow 

impingement on the  gap wal ls .  This  parameter i s ,  then ,  important t o  near-surface 

heat ing d i s t r i b u t i o n s  and t o t a l  temperature of the f l o w  wi th in  t h e  gap. 

f a c t o r ,  heat t r a n s f e r  within and between the t i!es,  de:ermines how the convectetl 
heat  is  d i s t r i b u t e d  i n  the t i l e s  and i n t e r a c t s  with the  convective Ileiltinp, through 

I 
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t he  e f f e c t  of w a l l  temperature or dr iv ing  p o t e n t i a l  (TAW - Tw). 

bondline heat-up rates cons i s t en t ly  increase with gap width (Figures 10 through 

14) c l e a r l y  showing t h a t  deep, narrow gaps i n h i b i t  pene t r a t ion  of t h e  hot  e x t e r n a l  
flow. These da t a  a l s o  show a cons i s t en t  decrease i n  bondline heat-up rate as t i l e  
thickness is increased demonstrating insulative p rope r t i e s  even i n  t h e  presence of 

j o i n t  gaps. 

t e s t e d  with the 6.35 centimeter tiles has a heat-up rate which i s  approximately 

equal t o  t h e  heat-up rate of t he  smallest gap (0.127 cm) wi th  the 3.18 centimeter 
tiles. 

increase  i n  gap width. 

The b u t t  gap 

This is e s p e c i a l l y  dramatic considering t h a t  t he  l a r g e s t  gap (0.762 cm) 

I n  o the r  words, doubling the  t i l e  th ickness  compensates f o r  a s ix- fo ld  

Examination of Ehe temperature v a r i a t i o n s  along the  gap w a l l  from t i l e  su r -  

face  t o  bondline show the expected monotonic decrease. 

however, t h a t  t he  c h a r a c t e r i s t i c s  of t h e  temperature p r o f i l e s  measured i n  axial 

gaps d i f f e r  from those measured i n  t r ansve r se  gaps. 

compared at  times corresponding t o  peak su r face  temperatures. These comparisons 

showed t h e  a x i a l  gap temperatures t o  be h igher  near t h e  su r face ,  bu t  tci decay more 

r ap id ly  than those of the t r ansve r se  gaps. 

pene t ra t ion  of t he  laminar boundary l aye r  i n t o  the  long a x i a l  gap as opposed t o  

more e f f i c i e n t  mixing of t h e  highly v o r t i c a l  flow i n  the  t r ansve r se  gaps. 

genera l  conclusion r e l a t i n g  bondline hea t ing  s e v e r i t y  t o  j o i n t  o r i e n t a t i o n  cannot 

be based on t h i s  observation alone because the  v a r i a t i o n  of gap hea t ing  with 

environment and gap dimensions is no t  t he  same f o r  a x i a l  and t ransverse  gaps. 

Figures 10 through i4 show that e i t h e r  gap o r i e n t a t i o n  may be  t h e  more severe ,  

depending on the exact circumstances. 

r a t i o  ranging from 3.7 t o  7.5, which approaches geometries f o r  which flow h a s  been 

observed t o  reattach on the f l o o r  of two-dimensional t r ansve r se  s l o t s  (Reference 

6). 
not r e s t r i c t e d  by the small width of t he  s l o t  ( l e s s  than one boundary l aye r  

th ickness) .  

higher near-surface hea t ing  a t  t h e  upstream loca t ion .  

t h e  p-oximity (5.74 cm) of t h e  downstream instrumentation t o  the  a f t  c losure  

of t h e  a x i a l  gap. This c losure  forces  the  flow i n  t h e  gap e i t h e r  t o  r e c i r c u l a t e  

o r  r e j o i n  the e x t e r n a l  flow. 

axial gap con t ro l s  bondline response (Reference7 1, t h e  flow which expands i n t o  

These d a t a  i n d i c a t e ,  

Temperature p r o f i l e s  were 

This is most l i k e l y  due t o  a g r e a t e r  

A 

The a x i a l  gaps have a length  t o  depth 

The hea t ing  i n  the a x i a l  gap would, t he re fo re ,  be mucn h igher  i f  t h e  flow were 

In-depth temperature d i s t r i b u t i o n s  down walls of t he  a x i a l  gap show 

This is probably due t o  

Since near-surface hea t ing  on the walls of t h e  
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t he  gap and is a t t ached  to  the  upper su r face  of  the  v e r t i c a l  walls is of primary 

importance. 

increases i n  t h e  downstream d i r e c t i o n  up to the  poin t  where tt.c gap cnti c losu re  

begins t o  force  the  flow back out  of the  gap. 

clrith t h e  r a t i o  of gap length t o  depth and with the  ratic c-f gap W i d i b  t o  boundary 

l aye r  thickness  ( the  boundary l a y e r  must "wrap" around t h e  gap corner) .  This  

s h i f t i n g  w i l l  cause the  a x i a l  l oca t ion  of  t he  most severe  bondline heat-up rate 

t o  vary and introduces a s e n s i t i v i t y  of  test results t o  instrumentat ion loca t ion .  

The loca t ion  of the  instrumentat ion i n  the t ransverse  gaps should Le less important 

s i n c e  flow i n  those gaps is more near ly  two dimensional, except i n  th?  v i c i n i t v  of 

t he  i n t e r s e c t i o n  with the a x i a l  gap. As a r e s u l t ,  i t  can be  expected t ;wt  compari- 

sons between axial  and t ransverse  gaps m y  be misleading s i n c e  the  instrumentat ion 

i n  the a x i a l  gaps wlll not always be i n  the  most severe loca t ion .  

The por t ion  o f  the  vertical w a l l  exposed to t he  st t .rchad hea t ing  

This  flow s t rucoure  s h i f t s  both 

Manufacturing to le rances ,  s t r u c t u r e  de f l ec t ion ,  etc. ,  can cause e i t h e r  forward- 

or  a f t - fac ing  s t e p s  a t  le t ransverse  gaps. Both these configurat ions were t e s t ed  

by using two upstream burt-gap t i l es  of 5.08 cent imeter  thickness  and two downstream 

t i l e s  5.46 cerltimeters th ick  t o  c r e a t e  forward-facing steps o r  two downstream t i l e s  

4.70 cent imeters  t h i ck  f o r  a f t - fac ing  s t eps .  The r e s u l t s  of t hese  tests are i l l u s -  

t r e r ed  i n  Figure 20 and compared with r e s u l t s  of the  tests of  5.08 cent imeter  

t h i ck  b u t t - j o i n t  t i l e s  with f l u s h  sur faces .  

and a f t  fac ing  s t e p s  produced bondline heat-up rates lower than those of the  f lu sh  

tiles. 

e f f e c t  while  t he  forward-facing s t e p  is cooler  because of the  th icker  t i l e s  ( 5 . 4 6  

cm as opposed t o  5.08 cm). As t he  gap is opened, t h e  a f t - f ac ing  s t e p  maintains 

lower response rates, but  t h e  forward-facing s t e p  experiences bondline heat-up 

rates which increase t o  levels w e l l  above those of the  f lush  tiles. 

For small gap widths,  both forward 

The a f t - f ac ing  steps provide b e t t e r  thermal pro tec t ion  due t o  the sh i e ld ing  

Alternate gap conf igura t ions  a l s o  o f f e r  an opportuni ty  f o r  reduct ion of gap 

heating. 

t o  the b u t t  j o i n t  were t e s t e d  i n  t he  NASA JSC 10 MW Arc Tunnel. 

ex t e rna l  flow I s  denied a d i r e c t  path t o  t h e  gap bottom. 

is an unqua!.ified success, y e t  a l l  achieve a reduct ion i n  bondline response a t  some 

instrumented loca t ion .  T e s t  da t a  f o r  5.08 centimeter th i ck  t i l e s  of each candidate  

j o i n t  configurat ion are compared next  and r e l a t e d  t o  the  5.08 centimeter bu t t  j o i n t .  

Three configurat ions,  the  contoured, Inc l ined  and overlap block in  addi t  inn 

In each case the hot  

None of these conf igura t ions  

The measurements taken wi th  the  inc l ined  j o i n t  L i l e  set (Figure 21) exhib- t  a 

p a r t i c u l a r l y  wide range of  s e n s i t i v i t y  t o  gap width depending on instrument loca t ion .  

A l l  l oca t ions  &re e s s e n t i a l l y  equiva len t  t o  the  b u t t  j o i n t  performance (Figure 11) 
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a t  a gap width of 0.127 centimeter. 

of t h e  upstream a x i a l  loca t ion  quickly increases  t o  a level w e l l  i n  excess of  the 

heat-up rates experienced during t h e  b u t t  jo int  tests. 
l i n e  of t h e  downstrean-facing transverse gap w a l l  remain at r e l a t i v e l y  low l e v e l s  f o r  

a l l  gap widths and d a t a  taken a t  t h e  o t h e r  two loca t ions  are roughly equivalent  t o  

those of t h e  b u t t  j o i n t  configuration. 

more complicated) produced t h e  l e a s t  s e n s i t i v i t y  t o  gap width of any of t h e  coc- 

f i g u r a t i o n s  t e s t e d  (Figure 22). 

heat-up rate Varies s i g n i f i c a n t l y  with l o c a t i o n  for t h e  0.127 cent imeter  gap width. 

This configurat ion does, i n  fact ,  experience h igher  bondline heat-up rates i n  the  
stream a x i a l  gap a t  widths of  0.127 and 0.254 cent imeter  than does t h e  b u t t  j o i n t .  

With t h e  l a r g e s t  gap width, though, t h e  contoured joint  provided s i g n i f i c a n t l y  

improved heat  pro tec t ion  a t  a l l  loca t ions ,  compared t o  the  b u t t  j o i n t .  

over lap block configurat ion creates a tor tuous path f o r  gas c i r c u l a t i n g  from t h e  

sur face  t o  t h e  bondline. Figure23,  however, shows t h a t  t h e  RSI f i l i e r  blbck 

which is used t o  create t h a t  devious path s u f f e r s  q u i t e  a high bondline heat-up rate. 

Sy r e f e r r i n g  t o  Figure 13 
over the  simple b u t t  j o i n t  Configuration. 

then, t h a t  i f  small gap widths can be achieved, l i t t l e  can b e  gained by use of 

j o i n t  configurat ions snore complex than t h e  b u t t  j o i n t .  

l o c a l  boundary l a y e r  displacement thickness  (about 1,016 centimeter f o r  these t e s t s )  , 
me of t h e  conwured j o i n t  configurat ion may a f f o r d  considerable  r e l i e f  and forward- 

fac ing  s t e p s  a t  t h e  j o i n t  may exact  a considerable penalty.  

As t h e  gap is opened, however, t h e  heat-up rate 

The d a t a  taken a t  t h e  bond- 

The contoured j o i n t  configurat ion (which was 

It is a l s o  t h e  only configurat ion f o r  which bondline 

down- 

The 

one may see t h a t  t h e  o t h e r  loca t ions  hold no advantage 

The results of these  tests i n d i c a t e ,  

If gap widths approach t h e  
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4.2 k a t i n e  Rates i n  RSI Models of Gaps - Heating rate ca l cu la t ions  uAng  t h e  

RSL-gap thermal rea?or,se h i s t o r i e s  meawred during a test i n  the  JSC 10 MW Arc 
Tunnel Channel Nozzle concentrated on a graphica l  desc r ip t ion  of :he var ious moues 

of hea t  t r a n s f e r  i n  the  gap, and on a de ta i l ed  desc r ip t ion  of r ad ian t  heat exchange 

within the  gap. Radiation exchange bettiden the faces  of a gap is impor tmt  because 

relatively high temperatures (8i6OC o r  more) are experienced at depths of more than 

1.27 centimeter.  

i s  on the order  of 0.113 watts/cm . For example a 8.3OC d i f f e rence  between two in- 

f i n i t e  p l a t e s  (each with a 0.6 emittance) a t  816OC produces about 0.113 wat,s/cm 

n e t  hea t  t r ans fe r .  

Preliminary da ta  i n d i c a t e  t h a t  convective hea t ing  at such depths 
2 

2 

The 8.3OC is o l y  a 1% change. 

The r ad ia t ion  exchange modeling was re f ined  by increas ing  the  number of nodes 

Smaller area nodes are p a r t i c u l a r l y  he lp fu l  because on the  gap w a l l  from 8 t o  I". 

they allow v i e w  f a c t o r s  and the  nodal temperatures assoc ia ted  w i t h  them t o  approach 

the  ideal condi t ion of an i n f i n i t e s i m a l  elemcllt model. In  modeling a 6.35 cent i -  

meter t h i c k  specimen, node lengths  were decreased from 0.794 t o  0.353 cent imeters .  
a l l e v i a t i n g  the  s i t u a t i o n  where l a r g e  nodes are used i n  an analysis  of a small. gap. 

In the  case o f  l a r g e  nodes, t he  only s i g n i f i c a n t  view f a c t o r  may be with the  opposi te  

node, v i r t u a l l y  e leminat ing the  opportunity f o r  e d t t e d  o r  r e f l e c t e d  energy t o  be 

t r ans fe r r ed  down the  gap. 
smallest nodes occurred i n  the region of highest  temperature. 

Node size i n  the  thermal model was var ied so t h a t  the  

I n  Figure 24, the  hea t  t r a n s f e r  f o r  the w a i l  of, a t y p i c a l  gap is segregated 

i n t o  Its th ree  components: convection, r ad ia t ion  ar,a co.,duction. Information on 

t h i s  f i g u r e  w a s  obtained by so lv ing  for each component i n  a a e r i e s  of compater 

cases. 
order  t o  show the  comparative magnitude of each component. 

285 in the  JSC 10 MW Arc Channel. 

with a 0.381 centimeter gap. The loca t ion  analyzed was a forward fac ing  t ransverse  

wall, The test w a s  analyzed using the  model with 18 nodes down the gap, using the  

inverse  so lu t ion  method descr ibed i n  sec t ion  4.2.1. Temperatures f o r  the M- 

inetrumented wall of the  gap were 8et equal  t o  the  values  of the  correspondi.lg 

nodes on the  instrumented wall. Heat f luxes  less than zero Indica te  energy leavirlg 

tl-e su r face  a t  t h a t  depth. 

duction between ad jacent  coa t ing  nodes and conduction i n t o  the  RSI, normal t o  the  

sur face  of t he  gap wali. 

Tliis curve is p l o t t e d  on Cartesian r a the r  than scmi-1ogorSthmI.c paper i n  

3 e  f igu re  is f o r  run 

The specimen was a 3.18 centimeter b u t t  j o i n t  

The conductive f l u x  cons i s t s  of two part&, the  con- 

The convective hea t ing  and r a d i a t i v e  f l u x  nnown i n  Figure 24 a r e  l a rge  a t  

t he  to? of the  gap and t h e i r  d i s t r i b u t i o n s  approximately mirror  one another .  By 
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approxfmately 0.508 centimeters i n t o  the  gap t h e  convective and r a d i a t i v e  heat  

f luxes a r e  small and t h e i r  d i s t r i b u t i o n  i n t o  t h e  depths of  t h e  gap can b e  computed 

using i d e n t i c a l  t h e n u l l  h i s t o r i e s  f o r  both w a l l s  o f  t h e  gap. 

f l u x  has  t h e  g r e a t e s t  magnnitude near the top  of t h e  gap as expected but  much snraller 

than e i t h e r  t h e  r a d i a t i v e  or convective components. 

f l u x  at the  top of t h e  gap is i n d i c a t i v e  of a temperature d i s t r i b u t i o n  which is 

apgroaching s teady state and t h e  remainder of t h e  conduction curve is most l i k e l y  

due to t h e  t r a n s i e n t  thermal response of t h e  SI. 
w a L l  is h o t t e r  a t  every depth than l a t e r a l l y  adjacent: RSI material so the  conduction 

i n  the normal d i r e c t i o n  is always negative.  

The n e t  conductilrc 

The negat ive n e t  conductive 

During peak heat ing,  t h e  gap 

Figure 25 shows t h e  r e s u l t s  of a s tudy to de tern ine  the  impact of  u n c e r t a i n t i e s  

in gap hea t ing  rate d i s t r i b u t i o n  on s h u t t l e  TPS performance. 

a n a y z e d  is depicted on the  f igure.  

centimeter t h i c k  RSI t i l e .  

S h u t t l e  a l t i t u d e  and reference hea t ing  rate h i s t o r i e s  corresponding t o  e n t r y  

t r a j e c t o r y  2689 were used. 

hea t ing  rate, such t h a t  a t  peak hea t ing  a r a d i a t i o n  equi l ibr ium temperature of 

126OoC w a s  obtained. A r a t i o  of q LOCAL/~SURFACE as a function of  depth i n  gap 

chosen on t h e  b a s i s  of preliminary data is shown on t h i s  f igure.  

The TPS system 

LI-900 p r o p e r t i e s  were used f o r  the  7.62 

A 0.635 centimeter sponge s t ra in  isolator w a s  used. 

A hea t ing  rate m u l t i p l i e r  was appl ied to the reference 

The hea t ing  rate versus depth curve w a s  c a r r i e d  down the  f u l l  7.62 cent imeters  

(Point A) i n  one computer case. 

o t h e r s  with a p a i r  of cases run f o r  each point .  

droped t o  zero (no heating) below the cut-off point.  

value a t  the  cut-off point  was re ta ined  down t o  the  gap bottom. For these seven 

cases t h e  temperature a t  t h e  LI-900/sponge bondline on the  gap w a l l  is computed 

f o r  1800 seconds and p l o t t e d  a s  a funct ion of the cut-off depth. 

The curve w a s  stopped a t  points  B, C, and D f o r  

I n  one case of the  p a i r ,  the  curve 

LOCAL/~SURFACE In  t h e  o t h e r  t h e  q 

Bondline temperature is a f a c t o r  which m u s t  be cont ro l led  through proper TPS 

design. The adhesives and s t r a i n  i s o l a t i o n  sponges a v a i l a b l e  f o r  t h i s  type of 

system have r e l a t i v e l y  low temperature c a p a b i l i t y  compared with the  RSI t o  which 

they are applied.  The r e s u l t s  of t h i s  a n a l y s i s  g ive  an i n d i c a t i o n  of  t h e  l e v e l  a t  which 

gap hea t ing  ceases t o  be a s i g n i f i c a n t  f a c t o r  in  determining bondline temperature. 

The cut-off point  can be regarded as a hypothet ical  point i n  the  gap above whic'i 

convective hea t ing  r a t e s  are known, and below which they are uncertain.  An 

extremely conservat ive d e s i g n  approach would be t o  assume t h e  value remains constant 

from t h a t  point.  

the  cut-off point.  The t r u e  heat ing rate d i s t r i b u t i o n ,  l ies  between these two 

A nonconservative approach would be t o  assume no hea t ing  below 
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assuu~ptions. 

o f f  depth is less than  2.54 centimeters.  

t he  hea t ing  rate d i s t r i b u t i o n  is known accurately down t o  a do-pth of 2.54 cent imeters  

For t h i s  case t h e  two curves do not diverge s t rong ly  unless  t h e  cut- 

For t h i s  s i t u a t i o n ,  it is obvious t h a t  if 

= 0.002) ,  t he  ill e f f e c t s  of u n c e r t a i n t i e s  below t h a t  are minimal. (~LOCAL/~SURFACE 
The ex t r apo la t ion  t o  poin t  A is e s s e n t i a l l y  equivalent t o  s e t t i n g  qLocAL/qsvRFAcE = o  
at these  cu t -o f f  po in ts .  It should be noted however, t h a t  an ex t r apo la t ion  of t he  

heating rate curve i n t o  the uncertain region would be more accura te  than e i t h e r  

extreme alternative. 
ana lys i s  is somewhat a r b i t r a r y  but extremely important i n  determining t h e  r e s u l t s  

of t h i s  ana lys i s .  

depth than a less severe one. 

both of cut -of f  po in t  and hea t ing  rate magnitude at tha t  point.  

Also t h e  heating rate d i s t r i b u t i o n  curve chosen f o r  t h e  

A more severe  curve needs t o  be known accura te ly  t o  a greater 

The e f f e c t  on bondline temperature is a function 

4.2.1 Comparison of Heating Rate Dis t r ibu t ions  i n  RSI Models of Gaps - Tfie 

convective hea t ing  ana lyses  of gap tests contained iu t h i s  s e c t i o n  were performed 

i n  the  NASA-JSC 10 MU A r c  Tunnel  f a c i l i t y  u t i l i z i n g  series o f  ad jus t ab le  RSI 

models i n s t a l l e d  i n  one w a l l  of a channel nozzle. 

between tiles w a s  ca l cu la t ed  us ing  the  MDC General H e a t  Transfer  Program inve r se  

s o l u t i o n  technique. 

given i n  the following paragraphs. 

Convective hea t ing  i n  t h e  gaps 

A desc r ip t ion  and t he  method of u t i l i z i n g  chis  technique ard 

Data a v a i l a b l e  from RSI t i l e  tests e x i s t  i n  t h e  form of temperature responses 

from thermocouples s i t u a t e d  a t  known loca t ions  on the RSI su r face  and gap walls. 

The inverse  s o l u t i o n  technique uses these  measured temperature h i s t o r i e s  as boundary 

conditions t o  compute requi red  hea t  f lux.  

s tudy  a l l  hea t  t r a n s f e r  mechanislas, except convective heating, are described 

a n a l y t i c a l l y  and t h e  convective hea t ing  is computed. 

In the  thermal models used for  t h i s  

Because previous a n a l y s i s  work done under Contract NAS9-12854 has shown tha t  

hea t ing  rates deep i n  RSI gaps w i l l  be  r e l a t i v e l y  small, a thermal model is used 

which can accura t e ly  r ep resen t  modes of heat  t r a n s f e r  present during the  tests so 

t h a t  t h e  inversely-derived h e a t  f l u x  is due t o  convective hea t ing  alone. 

and r a d i a t i o n  may account f o r  g r e a t e r  t r a n s f e t  than convection f o r  gap nodes near 

t he  TPS bondline, so l a rge  e r r o r s  i n  modeling these  nodes cannot be t o l e r a t e d .  The 

technique of thermally modeling the S I  j o i n t s  developed dur ing  NAS9-12854 has been 

improved. The gap thermal  model (Figure 26) c o n s i s t s  of 130 nodes and conta ins  the 

RSI tiles, the  waterproof c o a t i n r ,  the adhesive, supporting subs t ruc tu re ,  t he  

oppos i te  w a l l  of t he  channel and the f i x t u r e  enclosure. 

be  easily configured f a r  a b u t t ,  i nc l ined  o r  contoured j o j r t  by changing only key 

Conduction 

This p a r t i c u l a r  model can 
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dimensions V(1,2,3,5,6,7 and 8) 

recoaputes nodal dimensions. 

materials and between adjacent  materials. 

nodes. 

network which accounts f o r  rad ian t  emission, absorpt ion and r e f l e c t i o n .  The 

r a d i a t i o n  view f a c t o r s  between s u r f a c e  nodes are automatical ly  recomputed by a sub- 

rout ine  t o  account f o r  thermal expansion which changes t h e  gap width. 

is also automatical ly  recomputed and w i l l  be  used i n  the  d a t a  cor re la t ion .  Data 

tapes received from the  test f a c i l i t i e s  were converted t o  binary form f o r  more com- 

pact data s torage.  

during tho var ious tests were input  t o  t h e  computer model. 

polat ion of these temperatures is used t o  obta in  temperature boundary condi t ions 

f o r  t h e  inverse s o l u t i o n  zalculat ion.  

The temperatures wi th in  the  four  RSI t i les  of t h e  j o i n t  &del were obtained 

shown i n  the  f igure.  A subrout ine automatical ly  

Conduction i s  modeled i n  t w o  dimensions wi th in  a l l  

Heat s t o r a g e  is modeled f o r  a l l  specimen 

Radiant heat  exchange between a l l  sur face  nodes is modeled using a r a d i o s i t y  

The gap width 

The measured temperatures which were recorded on magnetic tape 

Second-order i n t e r -  

from measurements through an instrumented plug i n  one of t h e  t i les.  

a t u r e s  wi th in  the  RSI tiles had a d i f f e r e n t  value than &he gap temperatures a t  a 

given depth, and therefore  were required t o  account f o r  conduction Crom the gap 

w a l l  i n t o  t h e  tile. 

coat ing along t h e  gap w a l l  were accounted f o r  by a n u l l i n g  process which u t i l i z e d  

temperatures obtained during t h e  Argon preheat phase of the test run. 

These temper- 

Anomalies i n  thickness  and thermal proper t ies  of the  R S I  

Convective heat ing results f o r  t h e  t ransverse  and in- l ine  gaps w e y e  obtained fo r  

t h e  b u t t  and inc l ined  j o i n t  configuration. Four gap widths (0.127, 0.254, 0.381, 

and 0.762 centimeter) and three  t i l e  thicknesses  (3.18, 5.08, and 6.35 cm)  were 

analyzed for t h e  b u t t  j o i n t  configurat ion.  The inc l ined  j o i n t  was analyzed for 

the  6.35 cm t i l e  and a l l  gap widths. 

of t h e  t ransverse gap for t h e  b u t t  j o i n t  configurat ion a r e  shown i n  Figures 2 7 ,  

28, and 29. The data  on Figures 27 and 28 are presented in r e c t i l i n e a r  and 

semi-log coordinates  t o  emphasize t h e  low magnitude of convective heat ing i n  the 

t ransverse  gap a t  depths beyond 0.762 centimeter f o r  the  a r c  heater environment 

produced by the  10 MW f a c i l i t y .  I n  comparing these  f i g u r e s  i t  is  seen t h a t  Ireat- 

ing  drops off  rapidly down the gap. hea t ing  increases  with gap w i d t h  and penet ra tes  

deeper i n t o  wide gaps, and t h a t  f o r  a wide gap (0.762 cm) t h e  hea t ing  r a t e  r a t i c  

near t h e  top of the  gap can b e  higher  than 1.0. 

present ing t h e  above da ta ,  as  a funct ion of gap width, and i n d i c a t e s  t h a t  f o r  most 

condi t ions increas ing  gap depth lowers t h e  gap hea t ing  d i s t r i b u t i o n .  

Heating d i s t r i b u t i o n s  for t h e  downstream wall  

Figure 30 is another way of  

4 1  
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In-line gap hea t ing  d i s t r i b u t i o n s  are shown i n  Figures  31, 32, and 33. 

Figures  31 and 32 

and 6.35 centimeter thick.  The d a t a  presented i n  Figure 33 is f o r  t h e  3.18 
centimeter t i le ,  but  f o r  a l o c a t i o n  downstream of t h e  transverse ga.’. 

loca t ion  w a s  n o t  analyzed because of i n s u f f i c i e n t  thermocouple data .  A comparison 

of t h e  d a t a  f o r  t h e  two type gaps i n d i c a t e s  t h a t  hea t ing  i n  in- l ine  gaps is h igher  

than rransverse gaps f o r  some combinations of gap width and depth. 

0.2  cent imeters  i n t o  t h e  g L o ,  t h e  hea t ing  is s l i g h t l y  higher  than t h e  t ransverse  

gap f o r  a l l  gap widths. For t h e  wide gaps (0.381 and 0.762 cm) hea t ing  is some- 

what h igher  than the  transverse gap from 0.2 t o  0.7 cent imeters .  

6.35 centimeter t i l e  and a gap width of 0.762 cent imeters  is considerably higher  

than t h e  t ransverse  gap and a l s o  considerably h igher  than t h e  o t h e r  gap widths 

when comparing t h e  d a t a  t o  o t h e r  t i l e  thickness.  

Figure 30 heat ing  down the  gap w a l l  from 0.2 t o  0.6  centimeter,  t h e  in- l ine  gap 

is more s e n s i t i v e  t o  gap width than t h e  t ransverse  gap. 

are f o r  tiles upstream of t h e  t ransverse  gap f o r  t i l e s  5.08 

The upstream 

A t  a depth of 

Heating f o r  t h e  

When comparing Figure 34 t o  

Figure 35 is  a schematic of t h e  b u t t  j o i n t  model with a forward facing s t e p  

depic t ing  boundary l a y e r  flow trends and r e c i r c u l a t i o n  p a t t e r n s  i n  the  t ransverse  

gap. 

a 5.08 cent imeter  tile. For t h e  narrow gaps (0 .064,  0.191, 0.317 cm) the hea t ing  

near  t h e  top of the  gap s tagnates ,  increas ing  t h e  hea t ing  rates. 

small, hea t ing  does not  pene t ra te  rapidly i n t o  t h e  gap, therefore  t h e  hea t ing  f a l l s  

o f f  rap id ly  t o  0.9 centimeters with t h e  hea t ing  increas ing  gradually below t h a t  point .  

For t h e  wide gap (0.711cm) t h e  hea t ing  takes  on a d i f f e r e n t  d i s t r i b u t i o n .  Since the  

gap is wide t h e  hea t ing  near  t h e  top g e t s  r e l i e f  from t h e  wide gap below, which 

causes hea t ing  t o  r e c i r c u l a t e  and penet ra te  deep i n t o  t h e  gap. 

s i g n i f i c a n t l y  higher  than the  ?arrow gaps. BeCduse t h e  s t e p  d i s t o r t s  the  gap hea t ing  

d i s t r i b u t i o n ,  s i g n i f i c a n t  incresses  i n  bea t ing  occurs. Figcre 37 shows a comparison 

of downstream t ransverse  gap hea t ing  f o r  a b u t t  j o i n t  model with and without a for-  

ward fac ing  s tep .  

g r e a t e r  than f o r  a f l u s h  model. 

Heating d i s t r i b u t i o n s  f o r  a wide and narrow gaps is shown i n  Figure 36 for 

Since the  gap i s  

This d i s t r i b u t i o n  is 

Heating along the  gap wal l  can be an order  cf magnitude o r  more 

Convective hea t ing  anaiyses f o r  an inc l ined  j o i n t  model were p e r f o r m d  f o r  

the  downstream s i d e  of the  t ransverse  gap and f o r  an In- l ine gap upstream cf the  

t ransverse  gap. The t i l es  were 6.35 centimeters th ick .  The hea t ing  d i s t r i b u t i o n s  

a re  very s i m i l a r  t o  the  b u t t  j o i n t .  The t ransverse gap as seen i n  Figure 38 shows 

t h a t  t h e  hea t ing  f o r  t h e  i n c l i n e d  j o i n t  is s l i g h t l y  g r e a r e r  and more s e n s i t i v e  t o  gap 

width from 0 .1  t o  0.7 centimeter depths. The 0.706 gap width hea t ing  is g r e a t e r  than 
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B U T T  J O I N T  H E A T I N G  R A T E  D I S T R I B U T I O N  

5.08 CM T I L E  
U P S T R E A M  A X I A L  G A P  

o JSC 10 MW CHANIIEL NOZZLE TEST 
o HIGH EMITTAiJCE COATING 014 GAP WALLS 

2 - OlSTAfJCE FROM SURFACE - cm 

Figure 31 
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BUTT J O I N T  H E A T I N G  R A T E  D I S T R I B U T I O N  
U P S T R E A M  A X I A L  G A P  

6.35 CM T I L E  

o JSC 10 MW CHAMEL WOZiLE TEST 
0 HIGH EMITTAiJCE COATIiJG 0.635 cm DOWN T I L E  GAP 
o LOW EMITTANCE C O A T I M  REMAINING GAP SURFACE 

0.2 - 

0 -  

I I I I I I 1 -  
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BUTT J O I N T  H E A T I N G  R A T E  D l S T R l R U T l O N  
1 

1.2 

1 .o 

0.8 

w 
W 

e 
3 
v1 

0 

0.6 

CT 
\ 

0 3i 0.4 

0.2 

0 

- . 2  
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D O W N S T R E A M  A X I A L  G A P  
3.18 CM T I L E  

o JSC 10 MU CHANNEL NOZZLE TEST 

o LOW EMITTAIVE COATI136 REMAINING GAP SURFACE 
o ia fGH EMITTANCE COATING 0.635 C% DOWN T I L E  GAP 

Z - DISTAIJCE FROM SURFACE - cm 

F i g u r e  3 3  
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C O M P A R I S O N  OF A X I A L  G A P  HEAT T R A N S F E R  

BUTT J O I N T  T H I C K N E S S E S  
W I T H  G A P  W I D T H  FOR S E V E R A L  

r OPEN SYMBOLS: E = 0.9 & 0.6 ' DARK SYMBOLS: E = 0.9 - 0.95 

A A I 

1.0 - 

0.8 - 

w 
0 

LIC 
=> 
2 
m 0.6 - U 
\ 

3 
0 

0.4 - 

0.2 - 

0 
0 

Z = .05 an 

DISTANCE FROM TILE TILE THICKNESS, (cm) 
3.18- DOWNSTREAM 

0 0.05 - '-7 UPSTREAM 
- - - - 

0 0.40 
0.60 

I A 0.20 - 6.35 

4 H 

i 
A) c = **O cm 

0.2 0.4 0.6 0.8 
HOT GAP WTDTH - cm 

Figure 34 
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S C H E M A T I C  OF F O R W A R D - F A C I N G  STEP MODEL 

NARROW GIP 

CHANNEL FLOW - - 

- T/C's 

7 
1 

WIDER GAP 

5.46 cm 
I 
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i 
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Figure 35 
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C O M P A R I S O N  OF D O W N S T R E A d  T R A N S V E R S E  G A P  f H E A T  T R A N S F E R  W I T H  G A P  W I D T H  
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A A I 
-- - - f:: iz 5”8:: UITH 

0.38 cm FORWARD STEP 
E = 0.5 - 0.95 

’“I DISTANCE FROM TILE 
SURFACE, Z 

= -OS O n )  

- - - - -  --a 
L o t  - / / ! 

I 

I Z = .40 cm 1 

Z = .60 cm 

Z = .20 cni STEP 

0.8 

w u 

Qc 
=> 
2 
$ 0.6 
\ 

5 
0 

0.4 

- *20  cm) 
I 
i 
} FLUSH 

\ 

Z = .40 cm I 
f 

/ 

/ 
0.2 t / 

0 
0 

1 I I I 
O; 0.2 0.4 0.6 0.8 

HOT GAP WIDTH - cm 



FINAL REPORT 
VOLUME I 

REPORT MOC E1003 
29 JANUARY 1974 

I N C L I N E D  J O I N T  H E A T I N G  R A T E  D I S T R I B U T I O N  

6.35 CM T I L E  
D O W N S T R E A M  T R A N S V E R S E  G A P  

o JSC 1 0  My CHANI.IEL IJOZZLE TEST 
o HIGH EMITrANCE COATIiIG 0.635 cm WUH TILE GAP 
o LOU EMITTANCE COATING REMAINING Gc\P SURFACE 
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0 
\ 

0 3 0.4 

0.2 ! 
I 
I 
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the  but t  j o i n t  t o  a depth of 1.0 centimeter i n t o  the gap. 

(Figure 39) 
and more sens i t ive  t o  gap width from 0.10 t o  1.0 centimeter depth. 

(0.732r3 is nearly the same as the but t  j o i n t  down t o  a depth of 0.8 centimeters. 

The heating below t h i s  depth is less than the but t  j o i n t  configuration. 

The three narrow gap widths (0.099, 0.225, and 0.352cm) f o r  the  in-line gap 

show tha t  the heating fo r  the incl ined j o i n t  is also s l igh t ly  greater  

The wide gap 

I t 

i 
t 
f 
i 
f 

I 

j 
1 
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INCLINED JOINT HEATING RATE D I S T R I B U T I O N  
UPSTREAM A X I A L  GAP 

6.35 CM T ILE 

0 JSC 10 MW CHANNEL NOZZLE TEST 
o HIGH EMITTP.!JCE COATING 0.635 an D O W N  T I L E  GAP 
o LOW EMITTANCE COATING REMAINING GAP SURFACE 

I 

I 

A A YMBOL GAP WIDTH (cm) 
COLD AT TES 

(21 .l0C) COdDITION 
A .127 .099 
'3 .254 
0 .381 .352 
V ,762 .732 

TOP VIEW OF T I L E  SET 

0 0.4 0.8 1.2 1.6 2.0 2.4 2 . 8  3.2 
2 - DISTAHCE FROM SURFACE - cm 

Figure 39 



of a McDonnell Douglas sponsored program t o  measure hea t  t r a n s f e r  d a t a  on a cor- 

rugated panel  model mounted on the  tunnel  s idewall .  As p a r t  of t h a t  e f f o r t ,  f l a t  

p l a t e  hea t  t r a n s f e r  da t a  were taken. Figure 41  presents  t he  measured heat  t rans-  

fe r  d i s t r i b u t i o n  i n  the  v e r t i c a l  d i r e c t i o n  on the  f l a t  p l a t e  mounted on the  tunnel  

s idewal l .  

va r i a t ion  i n  t h e  hea t ing  across  the  f l a t  p l a t e  is observed. 

t i c  has  been a t t r i b u t e d  t o  the  square nozzle and test s e c t i o n  which r e s u l t s  i n  a 

Sl ight  flow convergence toward the  center of t he  tunnel  s idewal l .  Data taken on 

the  corrugated panel exhib i ted  a similar spanwise hea t ing  gradien t  t o  t h a t  observed 

on the  f l a t  p l a t e .  Normalizing t h e  corrugated panel hea t  t r a n s f e r  c o e f f i c i e n t s  

by the  f l a t  p l a t e  c o e f f i c i e n t s  r e su l t ed  i n  success fu l  co l l aps ing  of the  da t a  i n  

the  spanwise d i r ec t ion .  This result i s  demonstrated i n  Figure 42 which compares 

absolute  and nondimensionalized hea t ing  d i s t r i b u t i o n s  on a wave at two spanwise 

loca t ions .  Because of t h i s  previous experience i n  c o r r e l a t i n g  the  corrugated panel 

da t a ,  the  gap hea t ing  d a t a ,  taken at the same test condi t ion were normalized by 

the  measured f l a t  p l a t e  hea t  t r a n s f e r  coe f f i c i en t s .  

t r i b u t i o n  on the  t h i n  s k i n  t i l e  is shown i n  Figure 43. 
by a constant  f l a t  p l a t e  hea t  t r a n s f e r  c o e f f i c i e n t  measured a t  the  cen te r  of t h e  

f l a t  p l a t e  i n  the c a l i b r a t i o n  runs. 411 d a t a  received from LaRC were i n  t h i s  form 

(H/Ho) .  
and a gap width of 0.229 cm. 

spanwise loca t ions .  Figure 44 presents  t he  same da ta  normalized by the measured 

f l a t  p l a t e  hea t  t r a n s f e r  c o e f f i c i e n t s .  

The d i s t r i b u t i o n  shown is based upon th ree  da t a  runs. A s i g n i f i c a a t  

This  tunnel  cha rac t e r i  

A r ep resen ta t ive  hea t ing  d i s -  

These da ta  were normalized 

These d a t a  were taken from Run 14 which had a s taggered t i l e  arrangement 

Three hea t ing  d i s t r i b u t i o n s  are shown f o r  t h ree  

Included i n  the da t a  ana lys i s  are the  following: 

a) Evaluation of da t a  reduction methods inc luding  t h e  effect of neglec t ing  

conduction on measured hea t ing  rates. 

b) I n l i n e  vs. s taggered t i l e  hea t ing  pa t t e rns .  

c) Ef fec t  o f  gap width on t i l e  hea t ing  pa t t e rns .  
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4.3 Analysis of Mach 10 CFHT Tescs of Gap Model - Heat t r a n s f e r  d a t a  were 

taken on a 15.2 x 15.2 x 6.4 cm t h i n  s k i n  t i l e  i n  the w a l l  of t he  LaRC CFHT. The 

test se tup  is shown i n  Figure 40. 

RSI t i l es  surrounding the  highly instrumented t h i n  s k i n  t i le .  

loca ted  on a r o t a t i o n a l  p l a t e  on t h e  tunnel  s idewal l  such t h a t  the  flow angle could 

be var ied  over  t he  test panel. 

and a u n i t  Reynolds ntmber of  3.3 x 10 . 

The test ar t ic le  cons is ted  o f  a panel with s i x  

The test panel w a s  

A l l  tests were conducted at a Mach number of 10 
6 LaRC performed ca l ib rc r ion  runs i n  s u p p r t  
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L R C  CFHT G A P  H E A T I N G  E V A L U A T I O N  

ROTATIONAL PLATE-, \ 
R S I  TEST PANEL- 

* 4DJUSTABLE GAP 
0 SHIMS FOR STUDYING MISMATCH 
0 0 TO t90° ORIENTATION 

THIN SKIN T I L E  FOR 
i THICKNESS - 0.0254 cm 

81 - THERMOCOUPLES 

ME AS UR I NG HEAT I NG 
DISTRIBUTION 
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HEAT T R A N S F E R  D I S T R I B U T I O N  [ H F P  = F1 (Y)1 ON 
FLAT PLATE M O U N T E D  O N  CFHT S I D E W A L L  

M m = 10.33 Rem/m = 3.28 X lo6 TEST NO. 93 
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C O M P A R I S O N  OF ABSOLUTE AND NONDIMENSIONALIZED 

R L I M  - 3.3 x I06 
H E A T I N G  DISTRIBUTIONS I N  THE MACH 10 CFHT, 

L 

y = 0.0 
y 4 6 . 5  cm 
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Figure 42 
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REPRFSENTATIVE HEATING D l S T R l  B U T l O N  
ON T I L E  IN CFHT 

A 

0 Y 0.0 

A Y = -7.3 cm 

- 
'a  y = -3.8 cm 

FLOW - A A 
L -f 

VIEW A-A 
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1 1 

b i - 
; - DISTANCE FROM CENTER OF T I L E  Figure 43 
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H E A T I N G  ON T I L E  I N  CFHT N O R M A L I Z E D  BY 
THE M E A S U R E D  FLAT P L A T E  H E A T I N G  
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d) 

e )  

4.3.1 

Ef fec t  of f l o w  angle on gap hea t ing  pa t t e rns .  

Ef fec t  of s t e p s  on t i l e  hea t ing  pa t t e rns .  

Analysis of Thi.1 Skin Model - Thc. method used t o  ca l cu la t e  bea t  t r a n s f e r  

c o e f f i c i e n t ;  f o r  these  tests employed the  s lope  of the temperature-time curve at 

s e l ec t ed  times t o  so lve  f o r  the  hea t  t r a n s f e r  coe f f i c i en t  using the  following 

equat ion : 
c ’cp  X (dTw/dB) 

:1 = where X ,kin thickness  

(Taw - Tw) 

Two times were se l ec t ed  f o r  d a t a  reduct ion f o r  each thermocouple during these  tests. 

By p l o t t i n g  var ious measured temperatures in t he  gaps, LaRC personnel determined 

t h a t  e r r a t i c  temperatures were recorded f o r  many thermocouples during a period of 

0.35 t o  0.45 seconds a f t e r  i n s e r t i o n  of t‘ test a r t i c l e  i n t o  the  w a l l .  This  can 

be a t t r i b u t e d  t o  the  L n i t e  t i m e  required t o  e s t a b l i s h  flow i n  t h e  gaps. 

t he  f i r s t  t i m e  s e l ec t ed  f o r  da2a reduct ion was 0.50 seconds a f t e r  t he  test a r t i c l e  

Therefore,  

;. k 
.; E 

t 
reached the  t u n n r l  w a l l .  A second t i m e  w a s  also se l ec t ed  which was 0.50 seconds 

a f t e r  t he  f i r s t  t ine o r  1 seconds after t i l e  in se r t ion .  The temperatvre-time 

de r iva t ive  (dT/de) is oht..*ned by Laking the  s lope  of a least squares  quadra t ic  

curve f i t  through ten  seconds of d a t a  obtained f o r  each thermocouple. The i n i t i a l  

po in t  o f  t he  curve f i t  i n t e r v a l  is the  time se l ec t ed  f o r  d a t a  reduct ion,  i . e . ,  

0.50 seconds and 1.0 second. Ten seconds was s e l e c t e d  as the  curve f i t  i n t e r v a l  t o  

obta in  d a t a  deep i n  the  gaps where hea t ing  l e v e l s  are low. The curve f i t  expressions 

i 

-- 
L 

.re of the  form: 
2 

where a ,  b ,  2?d c a r e  constants .  The q u a n t i t i e s  Tw and dTw/dB ii’e evaluated a t  

T w = a + b  0 + c O  a n d d T / d B = b + 2 c B  

L 

the  i n i t i a l  po in t  of each curve f i t .  Two heat  t r a n s f e r  c o e f f i c i e n t s  3re computed 

f o r  each value of dT/dO based upon two values  of ad iaba t i c  wal l  temperature,  

Taw/TT = 0,895 and 1.0. 

because the  boundary l aye r  was turbulen t  f o r  a l l  tests. Also a l l  data  presented 

i n  t h e  following f igu res  were evaluated a t  0.50 seconds af ter  tes t  a s t i c l e  iaser- 

t i o n  was complete. 

Figure 45 

i . e . ,  

P.11 da t a  i n  t h i s  s e c t i r n  are based upon Taw/TT = 0.895 

presents  two t y p i c a l  measured temperature h i s t o r i e s  on the  down- 

stream face of t he  t h i n  s k i n  t i l e .  The s e l e c t e d  da ta  are from Run ..4 which zmployed 

the  s taggered t i l e  configurat ion with gap widths of 0 .229  cent imeters .  The f i rs t  

thermocouple i n t o  the  gap was channel 20 (0.414 cm from tne su r face ) .  The s lopes  

evaluated from t h e  u r v e  f i t  f o r  both 0.50 and 1.0 seconds af ter  in se r t iLn  are 

shown and compare favorably with the  raw temperature data .  
L 

A lso the  t w o  s lopes  
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I 

are near ly  equal  i nd ica t ing  a l inear  temperature response. A l l  thermocouples 

where a s i g n i f i c a n t  temperature rise occured exh ib i t ed  t h i s  type of temperature 

response. Thermocouple channel 55 is on the  next l e v e l  i n t o  the  gap 1.113 cm 

from the  su r face ) .  

which is an order  of magnitude lower than channel 20. Also, the  temperature re- 

sponse w a s  low enough t h a t  t he  "noise" from t h e  d a t a  recording s y s t e m  w a s  observed 

i n  the  data .  By tak ing  a l a rge  d a t a  sampling (10 seconds) the  d a t a  could be curve 

f i t  and dT/d0 evaluated at  the  two se l ec t ed  times. The s lopes  derived from t h e  

two curve f i t s  are reasocable when compared wi th  the  r a w  temperature data .  The 

t h i r d  through the  s i x t h  rot's of thermocouples .lad a temperature response so low 

t h a t  the  "noise" from t h e  da t a  recording system was g r e a t e r  than the  temperature 

rise over a t en  second t i m e  i n t e r v a l .  A s i g n i f i c a n t  number of thermocouples 

i n  the  gaps had such a low s i g n a l  t o  noise  r a t i o  t h a t  the  d a t a  were not included 
i n  the ana lys i s .  

4.3.1.1 

t 

The measured da ta  f o r  channel 55 shows a temperature response 

Conduction S e n s i t i v i t y  Study - A study was made t o  examine the  efZect  

of including conduction i n  the  ca l cu la t ion  of heat ing  rates from vlr.4 tunnel  t e s t s  

t h a t  employ t h i n  sk in  t i les .  

purpose. An e i g h t  (8) node thermal model w a s  formul.ited t o  descr ibe  t h e  heat 

s torage  and heat  conduction c h a r a c t e r i s t i c s  of a sec t ion  through the  t h i n  sk in  

t i l e  f o r  t he  temperature d i s t r i b u t i o n s  shown i n  Figure 46. For each node i n  the 

thermal  model there  is a corresponding thermocouple on t he  t h i n  sk in  t i l e  which 

was usea t o  de f ine  the  nodes' temperature h i s to ry .  Hand fa i r i t igs  of t he  temper- 

a tu re  h i s t o r i e s  were input  i n t o  t h e  General Heat Transfer  Computcr P r '  gram along 

with the  thermal model desc r ip to r s  and an inverse  so lu t ion  w a s  performed t o  c - a l -  

cu la t e  a hea t ing  rate f o r  each node. Figure 46 dep ic t s  the  spanwise temperature 

d i s t r i b u t i o n  across  the  top .md down t h e  s i d e  of t h e  t f l e .  Two d i s t r i b u t i m s  are 

shown which correspond t o  the  two times when LaRC provided hea t ing  rate data. 

times are 0.5 seconds and 1.0 second a f t e r  t he  test a r t i c l e  i n se r t ion .  S ign i f i can t  

f ea tu re  of t he  temperature d i s t r i b u t i o n s  are the two sharp "knees" i n  t h e  curve 

which ind ica t e  t r a n s i e n t  conduction e f f e c t s  might be expected a t  those ti,des. 

shows the  e f f e c t  on ca lcu la ted  hea t ing  rates of excluding and 

Data from Run 14 of the  CFHT were se l ec t ed  f o r  t h i s  

TiI**s;c 

Figure 47 

including conduction i n  t he  thermal model. This  f igure  i s  f o r  0.5 second 

a f t e r  i n se r t ion .  

the  heat  s torage  term and are comparable w i t h  the  da t a  reported by LaRC. 

d i f f e rences  between these  d a t a  are due t o  the techniques used in f a i r i n g  the 

temperature h i s t o r i e s .  The technique u t i l i z e d  by LaRC cons is ted  of least squares 

The hea t ing  rates for t he  "no conduction" ease consider only 
The 

i 
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curve f i t  of t h e  temperature h i s t o r i e s  while hand-faired h i s t o r i e s  were used with 

t h e  8 node thermal model. When conduction between nodes is included i n  t h e  analyser ,  

the  sur face  node near  t h e  top edge of t h e  t i l e  and t h e  second node i n t o  t h e  gap 

were t h e  only nodes t o  show any appreciable  e f f e c t .  

a 5% increase i n  t h e  ca lcu la ted  hea t ing  r a t e  when conduction w a s  included. 

f i r s t  node down t h e  gap showed no e f f e c t  of conduction. 

being conducted away from t h e  node is near ly  equal  t o  t h e  hea t  being conducted 

i n t o  t h e  node (see Figure 46). 

a s i g n i f i c a n t  e f f e c t  of conduction on ca lcu la ted  hea t ing  rate. 

included i n  t h e  thermal model t h e  ca lcu la ted  h e a t  f l u x  is negat ive (cooling).  This  

means t h a t  t h e  measured temperature rise of the thermocouple with time is too small  

t o  account f o r  t h e  net  heat  gain of t h e  node due t o  conduction alone. 

cool ing w a s  required t o  balance energy at  t h a t  node. 

no appreciable  e f f e c t  of conduction on ca lcu la ted  hea t ing  rates. 

hea t ing  raies ca lcu la ted  1.0 second a f t e r  i n s e r t i o n  of t h e  test article i n t o  t h e  

w a l l .  

node near  t h e  edge of t h e  t i l e  has a 7% increase i n  ca lcu la ted  hea t ing  rate when 

conduction is included. 

heat ing rate when conduction is included i n  t h e  thermal model. The o t h e r  nodes 

show no appreciable  e f f e c t  of conduction on ca lcu la ted  hea t ing  rates. 

The top  sur face  node showed 

The 

This  is because t h e  heat  

The second node down t h e  s i d e  of t h e  t i l e  shows 

When conduction i s  

Therefore,  

The remaining nodes showed 

Figure 48 shows 

The came t rends  appear a t  t h i s  time as i n  t n e  earlier t i m e .  Th,! top  sur face  

The second node down t h e  s i d e  of t h e  t i l e  has a negat ive 

The d a t a  reduction method custom, - i l y  used i n  t h i n  s k i n  model t e s t i n g  considers  

only the  temperature rise rates and t h e  l o c a l  heat  s torage  c h a r a c t e r i s t i c s  of t h e  

t h i n  sk in  material. 

c a l i b r a t e d  aga ins t  known temperatures. I n  order  t o  include conduction e f f e c t s ,  

the  absolute  value of the temperature is required such t h a t  temperature d i f fe rences  

between adjacent thermocouples can be computed. NASA LaRC has inves t iga ted  the  

c h a r a c t e r i s t i c s  of the  thermocouple/recording system used i n  t h e  CFHT tests t o  

provide a d d i t i o n a l  information t o  a i d  i n  evaluat ing conduction e f f e c t s .  

Therefore ,  the  thermocouple/recording system is not general ly  

A test was conducted by NASA LaRC t o  i n v e s t i g a t e  t h e  c h a r a c t e r i s t i c s  of t h e  
thermocouple/recording system cons is ted  of measuring temperatures on t h e  t h i n  sk in  

t i l e  a t  e s s e n t i a l l y  isothermal condi t ions.  The t h i n  s k i n  t i l e  w a s  suspended i n  an 

i n s u l a t e d  box which w a s  equipped with hea ters .  The thermocouples were conn.:cted 

8 t o  t h e  recording system i n  exac t ly  the  same manner as during t h e  CFHT tests.  The 

box was heated u n t i l  the  t i l e  reached 65.9"C and then t h e  h e a t e r s  were turned o f f .  

Figure 49 presents  d a t a  taken a t  h a l f  hour I n t e r v a l s  a f t e r  the. h e a t e r s  were turned 
I 

m !  
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o f f .  The average temperature, m a x i m u m  temperature d i f f e rence  between adjacent  

thermocouples and the  average temperature d i f fe rence  are shown f o r  a l l  thermo- 

couples on the  t i l e .  Ind iv idua l  d a t a  readings shown are f o r  each thermocouple 

usefi t o  dezine r f e  thermal model temperatures. It can be seen t h a t  t h e  temperature 

recorded f o r  node 4 (second node down the  gap) is  considerably lover  than t h e  res: 

of t h e  gap nodes (nodes 3 through 8). T h i s  node is where nega t ive  hea t ing  (cooling) 

w a s  computed when conduction e f f e c t s  were included i n  t h e  thermal model. I t  w a s  

decided t o  re-run the  s e n s i t i v i t y  s tudy us ing  the  thermal model wi th  a AT appl ied 

t o  each nodes'temperature h i s to ry .  The d e l t a  temperature (AT) t h a t  w a s  used w a s  

t h e  d i f f e rence  between t h e  average temperature of the  t i l e  and t h e  ind iv idua l  thermo- 

couple temperature a t  1.5 hours a f t e r  the  hea te r s  were shu t  o f f .  TLis t i m e  was 

s e l e c t e d  because the  temperatures were nea res t  t h e  t i l e  temperature when hea t  t rans-  

f e r  d a t a  were taken during the  test. Also the  box i s  near ly  a d i a b a t i c  a t  ,he 

later t i m e .  

a t  0.5 seconds a f t e r  t i l e  i n s e r t i o n  and the  revised d i s t r i b u t i o n  a f t e t  t h e  AT w a s  

appl ied t o  each node. The revised temperature d i s t r i b u t i o n  is seer; to be much 

smootht than t h e  o r i g i n a l  d i s t r i b u t i o n  wi th  the r e s u l t a n t  e l iminatAon of t h e  

"knee" i n  t h e  curve t h a t  ex i s t ed  a t  node 4. 

Figure 50 shows t h e  temperature d i s t r i b u t i o n  used i n  t h e  previous s tudy 

Figure 51 shows t h e  e f f e c t  on ca l cu la t ed  hea t ing  rates of excluding and 

inc lud ing  conduction i n  the  thermal model using t h e  revised temperature d i s t r i b u t i o n s .  

The d a t a  shown in  t h i s  f i gu re  is f ,  r 0.5 second a f t e r  t i l e  inse r t ion .  

rates f o r  t he  "no conduction" case consider  on11 *he hea t  s to rage  term and are 

comparable with the  d a t a  repor ted  by LaRC. T: - -erences between these  d a t a  are 

due t o  the  techniques used i n  the  f a i r i n g  of t h e  temperature h i s t o r i e s .  The 

technique used by LaP.C consis ted of least squares  curve f i t  of  t h e  temperature 

h i s t o r i e s  while hand-faired h i s t o r i e s  were used with the  8 node thermal model. When 

conduction is included i n  the  thermal model a n a l y s i s ,  the  su r face  node nea r  the  

top edge of the  t i l e  showed an increase  i n  ca lcu la ted  hea t ing  rate of 8 . 5 % .  The 

ca lcu la ted  hea t ing  rates i n  the gap are genera l ly  lower when conduction is included. 

The negat ive  hea t ing  r a t e  t ha t  w a s  ca lcu la ted  a t  t he  second node i n t o  the  gap in  

the  previous ana lys i s  (node 4) has  been el iminated by using the  revised temperathre 

d i s t r i b u t i o n s .  However, t h e  hea t ing  d i s t r i b u t i o n  down the  gap is s t i l l  not a smooth 

func t ion  when t h e  hea t ing  rate reaches very low values .  

The hea t ing  

I t  h t s  been shown t h a t  by inc luding  conduction i n  the  data reduction of t h i n  

s k i n  t i l e s  can a f fec t  t he  r e s u l t a n t  da ta .  However, the  bes t  technique f o r  inc luding  

such a ca l cu la t ion  i n  the  d a t a  reduct ion program i s  not  ouvious. It  would be 

advisable  i n  fu tu re  tests of t h i n  s k i n  t i l e s  where low hea t ing  rates a r e  expected 
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(i .e. ,  deep i n  t h e  gaps) t h a t  t h e  thermocouplelrecording system be  c a l i b r a t e d  t o  a 
known temperature such t h a t  conduction e f f e c t s  can be b e t t e r  evaluated.  

recornended t h a t  t h e  hea t ing  rates neglec t ing  conduction ( i . e .  d a t a  obtained from 

Langley) be used i n  gap hea t ing  da ta  c o r r e l a t i o n  because t h i s  gap hea t ing  d a t a  is 

higher  than when conduction is included i n  t h e  ana lys i s .  

It is 

4.3.2 Heating Pa t t e rns ,  I n l i n e  versus  Staggered Tiles - Data were taken on 

the t h i n  sk in  t i le  with two b a s i c  t i l e  arrangements. These arrangements are re- 

fe r r ed  t o  as s taggered and in- l ine.  Figure 52 shows the  o r i e n t a t i o n  o€ the  test 
a r t ic le  wi th  respec t  t o  the flow f o r  both arrangements. The in- l ine  arrangement 

is achieved by r o t a t i n g  the test art icle 90 degrees from the  s taggered t i l e  

o r i en ta t ion .  

i i - l i n e  i n  the a x i a l  d i r e c t i o n  only. 

flow) the  t i les  are staggered. 

the s taggered and in- l ine  t i le  arrangements a t  y = 0.0, -3 .8  and - 7 . 3  cm are pre- 

sented i n  Figures 5 2 ,  5 3 ,  and 5 4 ,  respec t ive ly .  
t i l e  gap width of 0 . 2 3  cm. 

the t i l e  does not  appear t o  be s i g n i f i c a n t l y  a f f ec t ed  by the surrounding t i l e  

arrangemelz f o r  a gap width of 0 . 2 3  cm. 

sk in  t i l e  is higher  ( 4 %  t o  24%) f o r  t he  s taggered arrangement than f o r  t he  in- l ine  

arrangement. This t rend is  most pronounced a t  the cen te r l ine  (y = 0.0 cm) of the 

t i l e  and decreases  near  the  edge (y = - 7 . 3  cm) of  the  t i le .  Alsc the  magnitude of 

the hea t ing  on the top of both t i l e  configurat ions decreases  near the  t i l e  edges. 

The  t rends shown i n  these  f igu res  are f o r  the 0 . 2 3  c m  gap width only. 

It should be noted t h a t  f o r  the  in- l ine arrangement, t he  tiles are 

I.& the  spanwise d i r e c t i o n  (normal t o  the  

Comparisons of  the  a x i a l  heat ing d i s t r i b u t i o n s  f o r  

These f i g u r e s  present d a t a  f o r  
Heating on both the upstream and downstream faces  of 

Heating on the  top sur face  of the  t h i n  

4 . 3 . 3  Effect of Gap Width - Comparisons of heat ing d i s t r i b u t i o n s  f o r  four  gap 

widths a t  y = 0 . 0 ,  - 3 . 8  and - 7 . 3  cm are presented f o r  the Staggered t i l e  arrangement 

i n  Figures 55, 5 6 ,  and 5 7 ,  respec t ive ly .  Data f o r  gap widths of 0.13, 0 . 2 3 ,  

0 . 4 6  and 0.71 cm are shown i n  each f igure .  

gap width on t i l e  hea t ing  changes with loca t ion  on the t i l e .  Figure 55 presp-ats 

da t a  along the c e n t e r l i n e  of the t i l e  (y 0 0.0). On the  upstream face, the gap 

hea t ing  increases  s l i g h t l y  with increas ing  gap width. This trend is reversed on 

the top su r face  and downstream face with the exception of the upstream edge of the 

t i l e  top sur face .  

much g r e a t e r  increase  i n  gap hea t ing  with increas ing  gap width on the  upstream face  

than was shown a t  y = 0.0. On the  top su r face  of t h e  t i l e  the  hea t ing  a t  the up- 

stream edge of the t i l e  increased dramat ica l ly  with increas ing  gap width. 

r e s t  of t h e  top su r face ,  the  hea t ing  appears e s s e n t i a l l y  independent of gap width. 

These f igu res  show t h a t  the e f f e c t  of 

Examination of t he  axial d i s t r i b u t i o n  a t  y = - , 3 . 8  cm shows a 

Over the 
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On t h e  downstream face  t h e  t rend  is mixed with t h e  gap hea t ing  e i t h e r  increas ing  or 

decreasing with gap width depending on the depth i n t o  t h e  gap. 

ou ter  edge of t h e  t i l e  (y = -7.3 cm) shows t h e  hea t ing  on t h e  upstream face, top  

sur face ,  and dovnstream face  a l l  increasing s i g n i f i c a n t l y  with increas ing  gap width. 

The d a t a  near  the  

I n  general  f o r  t h e  three  (y) s t a t i o n s  examined, i t  appears ~ i a t  the  gap heat- 

ing is r e l a t e d  t o  the  heat ing on t h e  top s u r f a c e  near  t h e  gaps. The same t rends  

t h a t  apply t o  t h e  gap heat ing a l s o  apply to t h e  top s u r f a c e  hea t ing  near  t h e  edges 

of the  tile. This can be seen i n  a l l  the  f i g u r e s  presented f o r  t h e  s taggered t i le  

arrangement. 

Figures 58, 59,  and 60 present  comparisons of hea t ing  d i s t r i b u t i o n s  f o r  t h e  

four  gap widths a t  y = 0.0,  -3.8 and -7.3 cm, respec t ive ly ,  f o r  t h e  in- l ine  t i l e  

arrangement. It should b e  noted t h a t  two tunnel  runs are required to produce the  

a x i a l  d i s t r i b u t i o n s  f o r  the  in- l ine arrangement because only one h a l f  of t h e  t i l e  

w a s  hs tnnnented .  The f r o n t  h a l f  of t h e  t h i n  s k i n  t i l e  is instrumented f o r  one run 

and then t h e  test article is r o t a t e d  180 degrees and d a t a  taken f o r  t h e  a f t  ha l f  

of t h e  t i l e  f o r  the  second run. 

X = 0. 

tile. 

t i le  due t o  an inopera t ive  thermocouple. 

increasing hea t ing  as the gap width increases  f o r  both upstream and downstream 

faces. The heat ing on t h e  top sur face  general ly  increases  with increas ing  gap 

width. This  e f f e c t  is g r e a t e s t  a t  the forward edge of the  t i l e  and a c t u a l l y  re- 

verses i t s e l f  s l i g h t l y  a t  the a f t  edge. The heat ing d i s t r i b u t i o n  at  v = -3.8 cm 

is presented i n  Figure 59 and shows e s s e n t i a l l y  t h e  same t rends  as were observed 

along the center l ine .  P'gure 60 shows the hea t ing  d i s t r i b u t i o n s  along t h e  outer  

edge of the  t i l e  (y = -7.3 an). I t  is observed t h a t  heat ing on a l l  sur faces  in- 

crease with increasing gap width. A review of the f i g u r e s  showing the  e f f e c t  of 

gap width on both s taggered and in- l ine  t i l e  arrangements i n d i c a t e s  t h a t  t h e  in- 

l i n e  t i l e  arrangenent r e s u l t s  i n  lower a n '  more uniform hea t ing  on t h e  top sur face  

of the t i l e .  

be s i g n i f i c a n t l y  d i f f e r e n t  f o r  the  two t i l e  arrangements. 

can be drawn f o r  the  downstream face.  Gap width, as expected, s i g n i l i c a n t l y  

a f f e c t s  gap heating. 

loca t ion  i n  the  gap. 

This r e s u l t s  i n  a redundant set of d a t a  p o i n t s  a t  - 
Figure 58 shows the axial heat ing  d i s t r i b u t i o n  f o r  t h e  c e n t e r l i n e  of t h e  

There are no data at t h e  top  of t h e  upstream and downstream faces  of t h e  

The d a t a  taken i n  the  gap show s l i g h t l y  

The gap heat ing on the upstream faces  of the  t i l e  do not  appear t o  
A similar conclusion 

However, the magnitude of the  e f f e c t  is dependent on the 

! 
? 
j 
! .  

, .  
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EFFECT OF G A P  W I D T H  ON I N - L I N E  T I L E  H E A T I N G  
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4.3.4 Effect of Flow Or ien ta t ion  - A d i f f e r e n t  coordinate system was used 

during t h e  execution of t h e  CFHT tests t o  descr ibe  instrumentation 

loca t ions  on the t h i n  s k i n  t i l e  f o r  each b a s i c  t i l e  pos i t ion .  This r e s u l t e d  i n  

four  separa te  ccardinate  systems. Using these sys tems,  the  flow angle (a) over the 

test  a r t i c l e  v a r i e s  from 0 t o  n/4 radians.  

on gap heat ing t rends,  i t  becomes apparent t h a t  these s y s t e m s  made t h s e l e c t i o n  of 

d a t a  groups unwieldy. Theiefore,  2 consisten: coordinate system w a s  defined which 

is f ixed  i n  the  t!.In s k i n  t i le.  

v a r i e s  from 0 radians ( i n  l i n e  con”guration) t o  ~ / 2  radians (staggered configura- 

t ion) .  By using a s i n g l e  coordinate system with respec t  t o  a f ixed  t i le ,  the  

de ta  from s e v e r a l  tests were combined t o  descr ibe hea t ing  on t h e  e n t i r e  t i l e  a s  a 

funct ion y. 

I n  examining t h e  e f f e c t  of flow angle 

A new flow angle v a r i a b l e  (y) w a s  def ined which 

Figure 61 shows t h e  coordinate  system. 

The effect  of flow angle on gap hea t ing  w a s  examined oc two faces  of t h e  t h i n  

s k i n  t i l e  f o r  a 0.229 c m  gap. presents  d a t a  f o r  thz Xc = -7.62 c m  face 

of the t i l e  a t  four  Y loca t ions  f o r  the f i r s t  thermocouple i n t o  t h e  gap. This C 
f i g u r e  is aq upstream face  f o r  i n l f n e  t i l e s  (y = 0) Ghich becomes a p a r a l l e l  face 

f o r  staggered t i les  (y = 7 ~ 1 2 ) .  

face ( 2 )  v a r i e s  s i g n i f i c a n t l y  f o r  the  d a t a  used i n  t h i s  f igure.  

i n  the  gap i s  a s t rong  funct ion of Z and therefore  coiitinuous curves are shown only 

f o r  constant  2 da ta .  

a f fec ted  by flow angle. 

loca t ion  along the gap. 

var ied  from 0 t o  n/6 radians and then increases  as y is var ied  from l r /4  t o  nI2 

radians.  The plus  Yc d a t a  show the  opposi te  t rend with the  heat ing increasing 

and ?\en decreasing a s  y is varied between 0 and a12 radians.  It appears t h a t  for  

t h i s  face i)f the  t i l e  the hea t ing  i n  the  gap is e i t h e r  a t  a maximum o r  a minimum 

a t  y = n / 4  dependrng on the  Y 

inoperat ive thermocouple a t  t h a t  locat ion.  Heating d a t a  f o r  the Y = -7.62 *:m 

face of the t i’? are presented i n  Figure 63.  Data for t h e  f i r s t  therrncxouple down 

the gap f o r  . 
face is p a r a l l e l  to  the  flow f o r  i n l i n e  t i l e s  (y = 0) r 3 faces  the flow f o r  staggered 

t i l e s  (y = 1~12). The minus X d a t a  show decreasing heat ing as y goes from 0 t o  

a16 radians.  

X d a t a  again show the cppos i te  t rends  of the  minu5 X data .  As y goes from 0 

t o  ( ~ / 6  radians the hea t ing  l e v e l  increases. The heat ing then decreases as y v a r i e s  

from rrI4 t o  n/2 radians.  

Figure 62 

It should be noted t h a t  the  d is tance  from the  sur- 

The hea t ing  l e v e l  

The d a t a  show t h a t  heat ing i n  t h e  gcps is s i g n i f i c a n t l y  

The dependency of gap heat ing on flow angle changes with 

The minus Yc data show the heat ing t o  decrease as y i s  

locat ion.  No d a t a  are shown f o r  Y = 3.0 due t o  an 
C C 

C 

e Xc loca t ions  a r e  shown f o r  a gap width of 0.229 centimeters.  This 

C 
This trend is reversed a s  y goes from r f 4  t o  n / 2  radians.  The p l u s  

C C 

The Xc = 0.0 d a t a  shows b a s i c a l l y  the  same trend a s  the 
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t 
f plus Xc d a t a  between y of 0 and n / 6  radians.  

r e l a t i v e l y  constant  between y of n / 4  and r I2  rodiam.  

hea t ing  along t h i s  face of t h e  t i le  occurs a t  y = n / 4  radians.  

Howe\*er, the  hea t ing  l e v e l  remains 

The g r e a t e s t  v a r i a t i o n  i n  
f 

I .  
F igures  62 and 6 3  i n d i c a t e  t h a t  ei,'ler an i n l i n e  t i l e  arrangement (y = 0) o r  

a staggered t i l e  arrangement (y = n/2) is more d e s i r a b l e  than o ther  poss ib le  flow 

o r i e n t a t i o n s .  

a t  Y = 0 and n/2 radians.  

flow angles. These conclusions a r e  based on da ta  f o r  a 0.229 cm gap width. Figure 

6 4  shows t h e  loca t ions  and l e v e l s  of maximum gap heat ing at var ious flow angles  

The spread i n  gap heat ing i n  the X and Yc d i r e c t i o n  i s  minimized C 
Also, the  peak heat ing ir, the  gaps a r e  minima a t  these 

f o r  a gap width of 0.71 centimeters.  

from the  t i l e  surface.  

gaps are minima a t  flow angles of 0 and a12 radians.  

along gaps a t  a depth of 0 . 3  cm f o r  gap widths of 0.23 cm and 0.71 cm i s  presented 

i n  Figare 6 5  f o r  a flow angle of n / 4  radians.  

occur a t  t h i s  flow angle are i l l u s t r a t e d  i n  t h i s  f i g u r e  and appear t o  become more 

severe a s  the  gap width increases .  

The da ta  were measured cpproximately 0.3 cm 
These da ta  support  t h e  conclusion t h a t  peak hea t ing  i n  the  

The hea t ing  d i s t r i b u t i o n s  

The hea t ing  rate gradien ts  t h a t  

4 . 3 . 5  Effec t  o f  S t e p s  - The e f f e c t  o f  t i l e  mismatch was examined during test- 

i n g  by employing shims t o  raise and lower tile t h i n  s k i n  t i l e .  

t h e  t i l e  r a i s e d  0 . 2 5 4  cm above the  surrounding S I  t i les and lowered 0.i68 cm beiow 

t h e  surrounding t i les .  Figure 66 presents  i n l i n e  t i l e  heat ing d i s t r i b u t i o n s  

(Yc = 0.0) f o r  t h e  step-up, f lush  and step-down t i l e  configurat ions with a gap width 

of 0 . 2 3  centirceters.  

peak hea t ing  rate measured on t1.e t i l e  sur face  when compared t o  t h e  f lush  t i l e .  

peak hea t ing  l o c a t i o n  appears t o  move n e a r e r  the  upstream edge o f  t h e  t i l e  as the  

t i l e  is r a i s e d  above t h e  f lush  pos i t ion .  

hea t ing  on the  upstream face  of  t h e  gap and entire t i l e  sur face  while having 

l i t t l . 2  e f f e c t  on t h e  downstream face.  

i n  lower hea t ing  on t h e  upstream h a l f  of t h e  t h i n  s k i n  t i l e  and s i m i l a r  heatir.p on 

the  downstream h a l f  when compared with t h e  f h s h  ti' 

only 4 .5% lower f o r  the  step-down t i l e .  

f o r  t h e  three  t i l e  p o s i t i o n s  when t h e  surrcunding t i l e s  are i n  the  staggered con- 

f i g u r a t i o n  (y = ~ 1 2 ) .  
d a t a  t h a t  were found i n  t h e  i n l i n e  t i l e  da ta .  

Tests were run with 

The step-up configurat ion r e s u l t e d  i n  a 55% increase i n  the  

The 

Raising t h e  t i l e  increased 

The step-dow.1 t i l e  configurat ion resultec '  

The peak heat ing r a t e  was 

Figuit: 67 presents hea t ing  d i s t r i b u t i o n s  

Similar conclusions can be drawn from the  staggered t i l e  
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STAGGERED T I L E  H E A T I N G  D I S T R I B U T I O N S  
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4.4 Analysis of Mach 8 Variable Density Tunnel T e s t s  - Heat transfer measure- 

ments were performed f o r  both in- l ine and staggered tiles ( t h i n  skin) posi t ioned on 

t h e  center  line ("Free Stream") and in t h e  w a l l  of t h e  Mach 8 ,  Variable Density 

Tunnel. The tiles were 10.16 x 20.32 centimeters.  

number (Re,/m) from 1.16xlO 

measured d a t a  and derived hea t  t r a n s f e r  parameters w a s  prepared f o r  f a c i l i t a t i n g  

an31ysi.s and f o r  the  I l u l t i p l e  Regression Analysis computer program. 

d a t a  is contained in Volume 11. 

T e s t s  w e r e  conducted a t  Reynolds 
6 6 t o  41.4xlO . A data tape  containing test conditions,  

L i s t i n g  of  t h e  

As a f i r s t  s t e p  i n  t h e  d a t a  analysis ,  hea t ing  on t h e  top o f  t h e  panel w a s  

examined to  e s t a b l i s h  a reference f o r  cor re la t ion .  Heat transfer c o e f f i c i e n t  

r a t i o s  obtained f o r  t h e  top  of the  panel a t  t h e  most forward (2.54 cm a f t  o f  t i l e  

leading edge) instrumentation on the tiles and t h e  max imum values are shown i n  
Figure G8. A laminar recovery factor w a s  used to  compute a hea t  transfer co- 

e f f i c i e u t  (5) as w e l l  as laminar boundary l a y e r  theory t o  compute (Href) which 

w a s  based on d is tance  f r o m m o d e l  l ead ing  edge. 

i n v e s t i g a t e  t r a n s i t i o u a l  flow. 

s idered  laminar. 

ward port ion of t h e  model only a t  l o w  Reynolds number. 

monotonic increase  with d is tance  along t h e  panel and i n d i c a t e  no d iscernable  e f f e c t s  

caused by the  t ransverse  gap (0.159 cm) a t  the  panel  center. 
i n d i c a t e  t r a n s i t i o n  on the a f t  p o r t i o n  of  t h e  panel when i n  t h e  Free Stream 

pos i t ion .  

moves forward as Reynolds number w a s  increased i n d i c a t i v e  of t r a n s i t i o n a l  flow. 

This type of  ratio is used t o  

I f  a value of  un i ty  i s  obtained,  t h e  flow is con- 

For t h e  "Free Stream" tests, condi t ions were laminar on t h e  for- 

P l o t s  o f  (€$/Href) show a 

The high ratios 

A l s o  indicated on the  f i g u r e  is t h e  p o s i t i o n  o f  maximum hea t ing  which 

Figure 68 also contains  similar d a t a  f o r  the  tunnel  w a l l  tests. The "maximum 

value" w a s  near  the  t r a i l i n g  edge of  the panel. 

(t$/Href) s i g n i f i c a n t  increase i n  hea t ing  is ind ica ted  with d is tance  aiong the  panel. 

This is due t o  using Href i n  the  r a t i o .  

number yas var ied  from 3 . 7 ~ 1 0  

from 5 cm t o  10 cm which was c h a r a c t e r i s t i c  of a turbulen t  boundary layer. 

l a y d r  dimensions ranged from 0.15 c m  t o  0.30 cm. 

When t h e  data are presented, using 

For the  tunnel  wall tests, length Reynolds 

with boundary l a y e r  thicknesses  ranging 6 6 t o  136x10 

Sub- 

In Figure c9 t h e  same information is presented f o r  the  tunnel  wall tests 

except the  heat  t r a n s f e r  c o e f f i c i e n t s  are r a t i o e d  t o  t h e  hea t ing  a t  point  A a t  the 

lowest test Reynolds number. 

bution and i n d i c a t e s  a f a i l u r e  t o  co l lapse  the  da ta .  

removed, t h e  measured da ta  f a l l s  on the ind ica ted  l ine .  The measured hea t ing , ( ind ica ted  

by the  "I" symbol) on the panel is near ly  uniform, with only a 5% to  10% increase  

along t h e  panel.  

The shaded zone is based on r a t i o i n g  t o  a laminar d i s t r i -  

When the  laminar c o r r e c t i o n  is 
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HEAT T R A N S F E R  M E A S U R E D  ON TOP S U R F A C E  OF 
T I L E S  IN M A C H  8 V A R I A B L E  D E N S I T Y  TUNNEL 

TEST 622 - 
FREE STREAM 

"L 
H~~~ 
- 

O6 

1 I 
0 5 10 15 

W. I 

Re /m 
m 

I N  TUNNEL WALL 
4 

3 

2 
- HL 

"REF 1 

0 

FREE STREAM 

4LL DIMENSIONS I N  cm 

3 2.54 AFT OF LEADING 
EDGE OF FIRST TILE 

0 2.54 AFT OF LEADING 
EDGE OF SECOND TILE 

A MAX. VALUE ON TOP OF TILES 

it DISTANCZ FROM LEADIIJG EDGE 

0 1 2 3 4 5 6 7 8 9 10 1 1  12x1O0 
I I I -  I I f J I 

Re /FT 
I 

0 5 10 15 20 25 30 35 40x1 O6 
ReJm 

NOTE: H~~~ = FLAT PLATE, LAMINAR HEAT TRANSFER COEFFICIENT, r =K 
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EFFECT OF CORRELATING HEAT ON 
TOP OF T I L E  TO L A M I N A R  HEATING THEORY 

M A C H  8 ,  V A R I A B L E  D E N S I T Y  T U N N E L  

TEST 622 
TUNNEL WALL 

*MAX HEATING ON PAHEL 
LHEATING AT POINT A 

SPREAD I N  HEATING ON TOP OF TILES 
DUE TO RATIOING TO A LAMINAR 
HEAT1 NG DISTRIBUTION 

6 

5 

4 

3 
H 
H 
- 

A 2  

1 

0 
- 0  1 2 3 4 5 6 7 8 9 10 11 12 13X106 

Rem/FT 
I I I I I I I I 

0 5 10 15 20 25 30 35 4;x106 ReJm 
NOTE: HA = HEAT TRANSFER COEFFICIENT AT 2.54 cm AFT 

OF L.E. OF FIRST TILE FOR Rem/m = 1 . 1 5 8 ~ 1 0 ~  

Figure 69 
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4.4.1 Heating Pa t te rns  on In-Line Tiles - The meastired hea t ing  d i s t r i b u t i o n s  

along t h e  length of t h e  panel f o r  t h e  in- l ine t i l e  configurat ion when the  panel w a s  

posi t ioned on t h e  c e n t e r l i n e  (freestream) of the  tunnel  are shown i n  Figure 70. 

Heat t r a n s f e r  c o e f f i c i e n t s  f o r  each run are r a t i o e d  to t h a t  measured at poin t  "B". 
Data are presented f o r  u n i t  Reynolds number/m from 2.3 x 10 
v a r i e t y  of  hea t ing  p a t t e r n s  is exhibi ted on t h e  top o f  t h e  tiles i n d i c a t i n g  laminar 

flow on t i l e  #l f o r  t h e  lower Reynolds number and t r a n s i t i o n a l  flow f o r  t h e  higher  

Reynolds numbers. For t i le  82 the  two lower Reynolds number tests e x h i b i t  a t rend  

toward t r a n s i t i o n a l  f l o w .  

suggests  t h a t  t h e  flow is f u l l y  turbulent .  

n o t  a f f e c t  the  hea t ing  on t h e  top of  t h e  panel except f o r  t h e  ReOD/m = 6.1 x 10 

test where the  gap produces t r a n s i t i o n  onset. Transverse gap hea t ing  is r e l a t i v e l y  

l o w  compared t o  t h a t  measured on top of  t h e  panel  and does n o t  show a s t r o n g  

dependence on Reynolds number f o r  t h e  forward fac ing  w a l l .  

experienced a s l i g h t  hea t ing  d i s t r i b u t i o n  change with Reynolds number. 

s i g n i f i c a n t  changes i n  hea t ing  on tot, of t h e  t i le  occurred,  hea t ing  i n  the  gaps 

remained w e l l  behaved. 

t h e  smaller gap (0.159 cm) . 

6 6 t o  21.8 x 11) . A 

6 For ReaD/m = 21.8 x 10 t h e  da ta  f o r  t h e  top o f  t i l e  82 

The gap a t  t h e  center of t h e  pa--1 does 
6 

The a f t  fac ing  w a l l s  

Even though 

The l a r g e r  gaps (0.318 cm) experience higher  hea t ing  than 

Heating d i s t r i b u t i o n s  f o r  t h e  in- l ine  gap model p o s i t j - n e d  f l u s h  with t h e  

t m e l  w a l l  are shown i n  Figure 71. Heat t r a n s f e r  c o e f f i c i e n t s  f o r  each tunnel  

run are r a t i o e d  t o  t h a t  mezvured a t  point  "B". 
6 6 Reynolds number/m from 1.16 x 10 

r e l a t i v e l y  uniform with the  higher  Reynolds number d a t a  being almost constant.  

The lower Reynolds number da ta  show a 10% heat ing increase  on the t i l e  top. 

i n g  i n  the  transverse gaps do not  show as sharp a drop o f f  with d is tance  i n t o  the 

gap as t h e  freestream tes; (Figure 70). 

pos i t ion ,  the upstream s i d e  of the transverse gap experiences equal  o r  higher  

hea t ing  than the  downstream s i d e  of the  gap. 

l a r g e r  gap. 

0.159 cm gap. 

Tes ts  were performed a t  u n i t  

t o  41.4 x 10 . Heating on top of  t h e  tiles is 

Heat- 

For both the  f r e e  stream and tunnel  w a l l  

Again the  heat ing is higher  f o r  the 

Increasing Reynolds number tends t o  lower t h e  gap hea t ing  for the  

4.4.2 Heating P a t t e r n s  on Stagnered T i l e8  - Heating d i s t r i b u t i o n s  were 

measured a l s o  f o r  a s taggered t i l e  configurat ion with t h e  model i n  the freestream 

pos i t ion  and f l u s h  with the  tunnel  w a l l .  Figure 72 contains  the  hea t ing  da ta  f o r  

t h e  freestream tests. 

similar t c  those obtained f o r  t h e  in- l ine  gap model (Figure 70) over the  range of 

Reynolds numbers inves t iga ted .  

Heating d i s t r i b u t i o n s  on the  top s u r f a c e  of the t i l e s  a r e  

The staggered t i l e  configurat ion had only the  

97 

MCOONNELL OOUOLAS AsTRomauccs CBMPANV ~ A S T  



1 

FINAL REPORT 
VOLUME I 

REPORT MDC E1003 
29 JANUARY 1974 

H E A T I N G  D I S T R I B U T I O N  A L O N G  MACH 8 V * D * T *  G A P  M O D E L ,  
( I N - L I N E  G A P  C O N F I G U R A T I O N ,  FRE€ S T R E A M  P O S I T I O N )  

FUD TOP OF AFT FWO TOP OF AFT 
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I 
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* 20.318 40.796 

X AND Z ARE CENTIMETERS HL = LAMINAR HEAT TRANSFER COEFFICIENT 

HB = HL AT X = 2 2 . 9  1 
I 
L 

Figure 70 
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H E A T I N G  D l S T R l B U T l O h  ALONG MACH 8 V . D . T .  G A P  M O D E L ,  
( I N - L I N E  G A P  C O N F I G U R A T I O N ,  T U N N E L  W A L L  P O S I T I O N )  

FWD TOP OF AFT FUD TOP OF AFT 
FACE OF TILE # 1 FACE OF FACE OF TILE 82 FACE OF 
T ILE  81 TILE 81 TILE 1 2  TILE #2 
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1 .o 
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I 

20.318 40.796 

X AND Z ARE CENTIHETERS 

% = TURBULENT MEAT TRANSFER C0EFF:CIENT 
HB * 9 AT X = 22.9  
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H E A T I N G  D I S T R I B U T I O N  A L O N G  M A C H  8 V . D . T .  G A P  M O D E L .  
(STAGGERED G A P  C O N F I G U R A T I O N ,  FREE S T R E A M  P O S I T I O N )  
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I [ I  B TILE I1 IY TILE 12 1 1  

I 
7- 
I I 4 '20.318 40.796 

X AND Z ARE CENTIMETERS 

HL 

HB 

= LAMINAR HEAT TRANSFER COEFFICIFNT 
= HL AT X = 22.9 

F igure 72 
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downstream face  of t h e  cen te r  t ransverse  gap instrumented. 

twice the width of t h a t  i n  the  in - l ine  model. 

model (StaWatiOn region) is presented i n  Figure 72 

on Reynolds number. 

ing  i n  the  gap is g rea t e r  than the top surface.  

10 

Thirc gap (0.318 cm) was 

Gap hea t ing  a t  the  cen te r  of t he  

and shows a s t rong  dependency 

p e r  meter, heat-  6 For Reynolds numbers g r e a t e r  than 11.2 x 10 

The gap hea t ing  f o r  &-/m = 19.6 X 

6 is as g rea t  as e igh t  times the su r face  value. 

Heating da ta  f o r  the staggered t i l e  conf igura t ion  f lu sh  with the  tunnel w a l l  

(Figure 73) 
heat ing  on the top of the panel which is s i m i l a r  t o  t h a t  experienced by the in- l ine  

t i le  model (Figure 71). As with the  freestream tests of t h e  staggered tiles, the  

downstream face  of t h e  t ransverse  gap experienced s i g n i f i c a n t  hea t ing  with a 

d i s t r i b u t i o n  s t rong ly  dependent on Reynolds number. 

show t h a t  the turbulen t  boundary l a y e r  produced e s s e n t i a l l y  uniform 

Figure 74 shows a remarkable set o f  hea t ing  d i s t r i b u t i o n s  measured across  

t h e  gap face  of t he  downstream t i l e  f o r  t h e  staggered t i l e  configuration. 

on the  f igu re  is t h e  ha l f  width o f  the p a r a l l e l  gap which terminates a t  t h e  t i l e  

face.  The hea t ing  is almost constant across  t h e  h a l f  gap width and then decreases 

c m s i s t e n t l ;  i n  the lateial  d i r e c t i o n  similar t o  a %ormaltt d i s t r i b u t i o n .  

Ind ica ted  

Also 

shown are hea t  f l u x  contours which show the  s i z e  of t he  hot spot .  The s i z e  of the I 

hoL s p c t ,  where the hea t ing  r a t i o  (HT/HB) is g r e a t e r  than 0.5, is approximately 

I. 5 centimeter radius.  I 

! 
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t 
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I H E A T I N G  D I S T R I B U T I O N  A L O N G  M A C H  8 V . D . T .  G A P  M O D E L ,  

(STAGGERED G A P  C O N F l  G U R A T l  ON, T U N N E L  W A !  *. ' ? S  I T 1  O N )  
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HB = I+ AT X = 22 .9  
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G A P  H E A T I K G  O l S T R l B U T l O N  ON THE F A C E  OF TtrE 
D O W N  S T R E A M  T I L E - S T A G G E R E D  C A P  C O N F I G U R A T I O N ,  

T U N N E L  W A L L  

MACH 5 V. iJ .T . ,  RU:, 48 
6 Rex/m = 3.7BX'iO 

HT 
5- 

y (cm) 

OF PARALLEL GAP 

HT * TURBLEIJT HEAT TRANSFER COEFFICIENT 

HB = HT AT X = 22.9 cm 

0 1 2 3 
V 

Figure  74 
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4.5 Analyses of Ames 3.5 lent HWT Tests of Gap Models - Analyses were performed 

on the  d a t a  from t h e  Rockwell I n t e r n a t i o n a l  Gap Heating Test 158 (OH-2) conducted 

i n  NASA-Ames 3.5 Foot Hypersonic Wind Tunnel. Figure 75 . is  a s mmry of t h e  gap 

heat ing models t h a t  were tes ted .  

Reynolds numbers. The Reynolds numbers were 1.4, 2.2, 3.3, and 4.5 x 10 per  meter. 

A t o t a l  of f i v e  gap widths and three  gap depths were inves t iga ted .  

employed a f l a t  p l a t e  model a t  ze.3 angle-of-attack. 

t h e  test as w e l l  as a l i s t i n g  of ihe d a t a  are contained i n  Sect ion 5.0 Of volume 11 

of t h i s  report .  

4.5.1 
of a 68.6 152.4 cm carrier p l a t e  (Figure 76) 

i n s t r m e n t e d  test art icle i n s e r t s  were placed. 

probes were mounted on the  downstream end of  t h e  carrier p l a t e  a t  t h r e e  spanwise 

locat ions.  These probes were used t o  def ine  t h e  freestream condi t ions f o r  t h e  

tests. Four c a l i b r a t i o n  runs (Runs 38 t h r u  41) were made t o  charac te r ize  t h e  flow 

over t h e  test configurat ion u t i l i z i n g  t h e  srrooth hea t  t r a n s f e r  CalibIdtiOQ plate. 

Three rows (y = -20.54, 0.0, and 20.54cm) 0 2  Chromel-Constantan thermoccuples 

and 

environment along and across  t h e  test article. 

t r a n s f e r  c o e f f i c i e n t  Aong t h e  c a l i b r a t i o n  p l a t e  (y - -20.54) €or the  four  test 

unit Reynolds numbers. 

f a c t o r  of  0.874 
The low Reynolab number heat i r  ,! data decrease 
of d i s tance  along t h e  paner wl.ich i s  c h a r a c t e r i s t i c  c f  a laminar boundary layer .  

The higher  Reynolds number da ta  show 

along t h e  panel c h a r a c t e r i & t i c  of  t r a n s i t i o n a l  flow. The heat  t r a n s f e r  da ta  

measured on i n s e r t s  with si .nulated RSI gaps ate referenced t o  t h e  f l s t  p l a t e  

c a l i b r a t i o n  data .  

performed on t h e  c a l i b r a t i o n  da ta  f o r  each te3t condition t o  determine :he reference 

hoat t r a n s f e r  c o e f f i c i e n t  at  the loca t tons  where gap hekt ing d a t a  were measured. 

'igure 78 
amplif ied separa t ion  of da ta  due t u  a Reynolds number e f f e c t .  

t r a n s i t i o n a l  he J t i n g  p a t  t e r n s  ars obvioub from t h f s  f igure .  

The tests were run a t  Mach 5.1 a t  four  u n i t  
6 

A l l  tests 

A complete &scr ip t ion  of 

Cal ibra t ion  P l a t e  Heating P a t t e r n  - The test configurat ion consis ted 
i n t o  which 70 x 106.7 c m  

Tota l  temperature and pressure  

t h r e e  corresponding to ta l  temperature f robes were used t o  measure the  hea t ing  

Figure 77 presents  t h e  hea t  

The hea t  t r a n s f e r  c o e f f i c i e n t  (%) icr based on a recovery 

approximately with the square root  

Cmpanim da ta  was a l s o  received f o r  a recovery f a c t o r  af  0.907. 

a decrease artd ther. i sharp  rise i n  hea t ing  

A two-dimensional i n t e r p o l a t i o n  i n  che x and y d i r e c t i o n s  was 

is a t y p i c a l  p l o t  of Stanton number along the  c a l i b r a t i o n  p1a:e and shows 

The laminar and 

4.5.L Gip Heating Dis t r ibu t ions  - A wrsory a n a l y s i s  of  t h e  d a t a  was per-  

formed m i - i l y  cons is t ing  of comparisons of d a t a  t rends  with t rends observed i n  thc 

CFHT e I *. Figure 79 presencs h e a t i n g . d i s t r 1 b u t f o n s  a t  three  Reynolds number 

i. 
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0 TEST VARIABLES 
6 10 Re/, = 1.4, ?.2, 3.3 AlJU 4.5 

M = 5.1 
GAP WIDTH = .159 AND .318 cm 
GAP DEPTH = 1, 2, AND4 cm 
STEPS = 0, - + .159 AND + .318 cm 

m 

0 71 TEST RUNS ASSIMILATED 

SINGLE TRANSVERSE GAP 

STAGGERED TILES 

u 
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CALIBRATION PLATE 

MULTIPLE TRANSVERSE GAP 

30' ORIENTED TILES 
b 

I 

Fiaure 75 - . _  
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C A R R I E R  PLATE FOR A M E S  G A P  HEATING T E S T S  

i 

: 2.000" - 
30.18 8 

CONNECTIONS 

92.379" ~ _ _  - 
1234.643 CM) 

(14 .128  CM) 
( l S 2 . 4 0  CM) 

Figure 76 
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HEAT T R A N S F E R  C O E F F I C I E N T  ( L A M )  ALONG A M E S  W E D G E  

lo0 
EDGE 

.oo 
K M I  

120.00 140.00 
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STANTON NUMBER (LAM) ALONG AMES W E D G E  
! 

Q 1.4508E+06 

Q 2.1991E+06 
A 3.2607E+06 

+ 4.5119E+06 

Figure 78 
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t 
r H E A T I N G  D I S T R I B U T I O N  M E A S U R E D  A T  
, 0.254 CM T R A N S V E R S E  G A P  ( A M E S  3 . 5  FOOT H W T )  

- 

88 90 92 90 92 94 96 98 100 102 104 106 P,,,a, 
-3- O l4 \ o,x-- 

\ 
I 
I 

\ \ \ 
\ I 

\ \ I 
\ \ I 

\ 
\ 

I 
I 

FLOW \ 
_p \ \  

T 
, .  GAP LEPTH = 2.03 cm 

\ \  . 
U 

I 

I GAP WIDTH = 0.254 cm 

CORNER RADIUS = 0.152 cm 
u 

ALL DIMENSION I N  CENTIMETERS 
A 

91.44~1~1 91.69cm 

Re/, = 

#Re/, - - 

Re/, = 

4.41 xl0' 
(RUN 58) 

1 .59xl O6 
(RUN 56) 

2.57~1 O6 
(RUN 57)  

F igure  79 
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conditions on the s ing le  transverse gap model. 

gap depth w a s  2.03  cm. 
ca l ibra t ion  plate coef f ic ien ts  at the  same x and y locations.  

are shown on the surface of  the  model both forward and aft  of the gap as w e l l  as 
both faces i n  the gap. 

with distance f o r  a l l  Reynolds nrmrber co;.ditions. 

consis tent ly  decreases with increasing Reynolds number. 

shows consistent Reynolds number trends w i t h  the  e f f e c t  o f  Reynolds number much less 

than is observed in the surface heating data. 
has i r r egu la r  d i s t r ibu t ions  with an apparent inconsistent Reynolds number trend. 

It can also be noted t h a t  the surface heating rates on t he  s ing le  transverse gap 

model w e r e  generally less than t h a t  measured on the calibration p la te ,  i.e., 

The gap width w a s  0.254 c m  and the 

The heat t ransfer  coef f ic ien ts  were normalized t o  the 

Heating d is t r ibu t ions  

The heat ing forward of t he  gap increases and then decreases 

The heating parameter (E$/%) 

The heat ing in the  gap 

The surface heating a f t  of the  gaps 

‘t/$p 1.0. 
The models used in these tests had an ample number of thermocouples on the 

surface t o  define the surface heat ing rate d i s t r ibu t ion  near the  gaps. Figure 80 

compares surface heating dis t r ibt l t ions on the  downstream s i d e  of a t ransverse gap 

from the Aues 3.5 foot EIWT test and the LaRC CFHT test. The Ames data  ind ica te  

tha t  the peak surface heating rate occurs approximately one edge radius downstream 

of t te  t i l e  leading edge. 

strumentation density t o  adequately measure the heating d is t r ibu t ion  near the 

edge of the tile. 

t o  illustrate a plausible  heating d is t r ibu t ion  which would beconsis tent  with the 

AMES data. 

As the  Reynolds number is increased,the heating r a t i o  ( h / s p )  i n t ens i f i e s .  Other 

d a t a  obtained during the AMES tests were examined t o  determine the e f f e c t  of un i t  

Reynolds number on the t i l e  heat ing d is t r ibu t ion .  

The model used i n  the CFHT did not have the same in- 

A dashed curve has been added t o  the  CFHT portion of the f igure 
. 

The AMES data  show a l eve l  of s e n s i t i v i t y  t o  uni t  Reynolds number. 

Heating d is t r ibu t ions  f o r  t he  upstream and downstream s ides  of gaps or iented 

at 30 degrees and 60 degrees t o  the flow (Figure 81 

dependency on uni t  Reynold6 number. 

d i s t r ibu t ion  in t ens i f i e s .  

dis tance with a sharp drop near the gap. 

gap shows a de f in i t e  enhancement due to t h e  gap. 

evident on the downstream s ide  of the gap. 

on both s ides  of the gap is dependent on Reynolds number. 

t ha t  the 60 degree data are downstream of the  bs tu rbance  caused by the 30 degree 

and 82) show similar 

AB the  Reynolds number increases,the heating 

At 30 degrees, heat ing on the panel is monotonic with 

Heating on the downstream s ide  of the 

Reynolds number e f f ec t s  are 

For the 60 degree or ien ta t ion ,  heating 

It should be noted 

gap. Also spot ted on both f igures  are comparable data  measured during the CFHT tests. 
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HEATING D I S T R I B U T I O N  ON L E A D I N G  EDGE 
ON DOWNSTREAM SIDE OF G A P  

I-s 
FLOW DIRECTION - 

7 F  
2.0 

1.6 e 
t --. 
t 

1.2 

.8 

a 
LL c 
\ 
L 

2.0 

.6 

1.2 

C U E S  3.5 HKT TEST . . .  .... ,.. ... .... . . . .  .. . , 

-5 0 5 10 15 20 25 30 35 40 45 

s/ r 
(6) CFHTTEST 

-5 0 !; 10 75 20 25 30 35 40 45 

Figure 80 
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H E A T I N G  NEAR G A P  AFFECTED B Y  R E Y N O L D S  N U M B E R  
A N D  B O U N D A R Y  LAYER STATE 

FLOW A N G L E  = 30° 
FLOW DIRECTION .- ,‘1 f?- 

F i i  

1.6 

1.4 

1.2 

.8 

.6 

.4 

4 + W=0.254 cm 

o ReJm = 1.688 X 10 6 

A ReJm = 2.815 X IO6 
o ReJm = 3.587 X lo6 
Q ReJm = 4.685 X IO6 

APQS 
M, = 5.1 

ReJm = 3.3 X 10 6 M, = 10.3, CFHT 

(TURBULENT B.L.) 

-40 -20 0 -10 0 10 20 30 40 50 

S/r 

(UPSTREAM SIDE) (DOWNSTREAM SIDE) 
Figure 81 
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H E A T I N G  NEAR G A P  AFFECTED B Y  R E Y N O L D S  N U M B E R  
A N D  B O U N D A R Y  LAYER STATE 

FLOW A N G L E  = 600 

FLOW DIRECTION 

4 
FLOW 

W 

t- W=0.254 cm 

0 ReJm = 1.688 X lo6 
A ReJm = 2.815 X lo6 
o ReJm - 3.587 X lo6 
Q ReJm = 4.685 X lo6 

ReJm = 6 10 , M, = 

(TURBULENT B. L . 
- 3 ,  CFHT 

1.6 

1.4 

1.2 

1 .o 

.8 

.6 

.4 
-40 -20 0 -10 0 10 20 30 40 50 

SI r 

(UPSTREAM SIDE)  (DOWNSTREAM s I DE 
Figure 82 
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A t  the  30 degree orie,.tation, the  heating d is t r ibu t ions  from the  CFEIT and the AMES 
3.5 foot tunnel are similar. 
at AMES is hi-gher than measured a t  the CFHT. 
flow present in the  AMES tests and the  fu l ly  turbulent conditions i n  the CFHT. 

compared (Figure 83). 
e f f ec t s  of gap flow should be evident. 

Reynolds number as do the other data measured a t  AMES. 

A t  the 60 degree or ientat ion the  d is t r ibu t ion  measured 

This is probably due t o  the t r ans i t i ona l  

Data for  the in- l ine gap from the AMES 3.5 foot HUT and the CFHT w e r e  a l so  

These data are for  the top of the t i l e  near the  gap where 
Both sets of data show an increase i n  

with distance along the gap. Also, the  in-line gap data increase with 
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H E A T I N G  D I S T R I B U T I O N  O N  T O P  S U R F A C E  OF G A P  
A L I G N E D  W I T H  F R E E - S T R E A M  FLOW D I R E C T I O N  

3.0 

2.2 

1.4 

(A) AMES TEST 

0 
A 
0 

F; 

6 Rem/m = 1 . 5 3 ~ 1 0  (RUN 26) 
Rem/m = 2.52~10: (RUN 27) 
Rem/m = 4.28~10 (RUN 28) 

.6 
0 40 80 120 

ROW ----c 
X, AXIAL DISTANCE 

(B) CFHT TEST 

b I 1 I 
- 1 I 1 

-1  5 -10 -5  0 5 10 15 (cm) 
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TT - DISTANCE FROM CENTER OF T I L E  
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4.6 Boundary Layer Analyses - Boundary l a y e r  analyses  were performed t o  

charac te r ize  t h e  environments a t  t h e  var ious tunnel  t es t  conditions.  Basic 

boundary l a y e r  parameters were computed f o r  b e  in Corre la t ing  t h e  h e a t  transfer 

results from t h e  test f a c i l i t i e s .  

test r e s u l t s  t o  S h u t t l e  f l i g h t  conditions.  

determlned f o r  the  var ious test condi t ions are: 

These parameters w i l l  a i d  i n  e x t r a p o l a t i n g  tht: 

The b a s i c  boundary l a y e r  parameters 

1) Type of boundary l a y e r  (laminar, t r a n s i t i o n a l ,  tu rbulen t )  

2) 

3) 
4) Displacement thickness  ( 6 * )  

5 )  Momentum thickness  ( 0 )  

6) 
7) 
A summary of t h e  boundary l a y e r  analyses t h a t  were performed is shown i n  Figure 

Local u n i t  Reynolds number (edge condition) 

Local Mach number (edge condi t ion)  

Laminar sublayer  thickness  f o r  tu rbulen t  boundary l a y e r s  (6,) 

Temperature r a t i o  across  the  boundary l a y e r  

8 4 .  

Mach 8 Variable  Density Tunnel wal l  tests were provided by t h e  f a c i l i t y  inves t iga tors .  

The analyses  f o r  t h e  remaining tests were performed by MDAC-E using numerical s o l u t i o n  

of t h e  boundary l a y e r  equations. 

The boundary l a y e r  parameters f o r  the  JSC 10 MW channel nozzle and t h e  LaRC 

4.6.1 JSC 10 MW Arc Tunnel Boundary Layer Parameters - Boundary layer parameters 

assuming both frozen and non-equilibrium flow i n  t h e  JSC 10 MW channel nozzle were 
determined by JSC using the "NATA" computer program. 

along with t h e  basic temperature response d a t a  f o r  a s s i m i l a t i e n  i n t o  t h e  program. 
The boundary l a y e r  parameters f o r  non-equilibrium flow were s e l e c t e d  because t h e  

flow produced by t h e  Arc hea ter  was not  i n  equilibrium. 

channel nozzle  is laminar and r e l a t i v e l y  th in .  Displacement thickness  var ied be- 

tween 0 . 4 3  cm and 0 . 5 5  c m  over t h e  test panel. The l o c a l  Mach number and l o c a l  

Reynolds numberlmeter were 4.2 x 16 
tests. 

These parameters were furnished 

The boundary l a y e r  i n  the 

4 4 and 5.7 x 10 , respec t ive ly  f o r  t h i s  series of 

The momentum thlcknese was not  provided by JSC. 
4.6.2 LaRC Mach 10 CFHT Boundary Layer Parameters - LaRC performed tunnel 

c a l i b r a t i o n  runs f o r  a p r i o r  Mcilonnell-Douglas sponsored program t o  measure heat  

t r a n s f e r  on a f l a t  p l a t e  mounted f l u s h  wih the  tunnel s idewall .  

t h a t  e f f o r t ,  p i t o t  pressure d i s t r i b u t i o n s  were measured through the turbulen t  

boundary l a y e r  a t  three  v e r t i c a l  loca t ions  on the tunnel s idewall :  (a )  tunnel 

c e n t e r l i n e ,  (b) 16.51 cm above c e n t e r l i n e ,  and (c)  1f5.51 c m  below c e n t e r l i n e .  

P i t o t  pressure d i s t r i b u t i o n s  f o r  the  three  vertical loca t ions  a r e  shown i n  Figure 

8 5 .  

As p a r t  of  

The boundary l a y e r  p r o f i l e  is d i s t o r t e d ,  but  I s  symmetrical about t h e  
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tunnel  cen ter l ine .  This d i s t o r t i o n  ha3 been a t t r i b u t e d  t o  the i n v l s c i d  flow 

development i n  t h e  square nozzle. 

used LO determine t h e  displacement t h i c k w e t  ( 6 * )  and momentum th ickness  (e) 
on t he  tunr,al s idewal l  by assuming a quaaca t ic  r e l a t i o n s h i p  between ve loc i ty  and 

temperature through the  boundary lay 3r t h a t  is, 

The measured p i t o t  p ressure  d i s i r i b u t i o n s  was 

where : 

TT = l o c a l  t o t a l  temperature 
= t o t a l  temperature i n  f r e e  stream 

Em 

Tw = w a l l  temperature 

u = l o c a l  ve loc i ty  iri boundary l a y e r  

u, - f r e e  stream ve loc i ty  

The computed displacement and momentum thicknesses  are presented i n  Figure 85. 

It w a s  necessary t o  descr ibe  t h e  temperature p r o f i l e  because the t o t a l  temperature 

d i s t r i b u t i o n  i n  the  boundary l a y e r  was no t  measured. 

betweea the  t o t a l  tempcrature and ve1oci:y is frequent ly  observed i n  hypersonic 

wind tunnel  boundary layers as a consequence o f  unheated walls (Reference 8) 

subs t an t i a t ed  by experimental  measurements i n  the  ClXT (Reference 9 ) .  

CFl'i, t he  s t i l l i n g  chamber, the  th roa t  region, and the  e n t i r e  nozzle  are water 
cooled. 

measurement of the  t o t a l  temperature p r o f i l e  i n  the  wal l  boundary layer .  

Thc quadra t ic  r e l a t i o n s h i p  

and 

For the  

A more exact ca l cu la t ion  of 6* and 8 f o r  t he  CFHT w a l l  would requi re  

4 . 6 . 3  LLG Mach 8 V.D.T., Bormdary Layer  Parameters - Gap hea t ing  tests were 

performed with the  test a r t i c l e  posi t ioned i n  both the  freestream (tu-:el cen te r l ine )  

and wall of t h e  Mach 8 Variable  Density Tunnel. 

w a l l  was turbulen t .  

the  turbulen t  wall boundary l aye r  and are presented &.I Figure 85 as a funct ion of 

t h e  freestream u n i t  Reynolds number. 

6 ,  i s  a l s o  shown i n  the  f igu re  f o r  comparison. The parameters 6 and 8 are s t rong  

func t ions  of Reyi.olds number f o r  Rem/m less than 13 x 10 , and appear t o  approach 

a constant  value f o r  Rem/m greater than 1 3  x 10  . 
placement. thickness  i s  emsent ia l ly  independent of Reynolds number. 

presented i n  Figure 86 were obtained from C. B. Johnson of NASA-LaRC. 

The boundary l a y e r  011 t h s  tunnel  

Displacement th ickness  ar.J momw. .um th ickness  were measured i n  

The experimental  boundary layer thickness ,  

6 

6 On the  o the r  hand, t he  d is -  

The da ta  
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E X P E R I M E N T A L  W A L L  B O U N D A R Y  -AVER P A R A M E T E R S  
FOR M A C H  8 V A R I A B L E  DENSITY TUNNEL 
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c I 1 I 
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UNIT REYNOLDS NUMBER 
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Figure 86 
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Beckwith,et a l ,  (Reference 10)  recent ly  developed J c o r r e l a t i o n  to p red ic t  

t he  lamfnar sublayer  thickness  f o r  hypersonic nozzle w a l l  boundary layers .  
co r re l a t ion  which shows t h a t  t he  sublayer  thickness  is a func t ion  of the boundary 

l aye r  thickness,  a free-stream Mach number, and the  momentum th ickness  Reynolds 

number is presented in Figure 87. This co r re l a t ion  uas formulated by analyzing 

ve loc i ty  p r o f i l e  da t a  over a wide range of wind tunnel  flow condi t ions.  In the 

ana lys i s  of t he  velocity p r o f i l e  data ,  the  sublayer  th ickness  w a s  def ined as the  

d i s t ance  from the  w a l l  t o  t he  edge of t he  region where t h e  ve loc i ty  p r o f i l e  re- 

mained approximately l i n e a r .  

This  

Using Beckwith's co r re l a t ion ,  the laminar sublayer  thickness  (6s) has been 

ca l cu la t ed  f o r  the  Mach 8 V.D.T. and the  Mach 10 CFHT w a l l  boundary layers. 

r e s u l t s  of the  ca l cu la t ions  are a l s o  presented i n  Figure 87. For t he  Mach 8 
V.D.T., 6 decreases  with increas ing  fres-stream Reynolds number. For the  Mach 

10 CFHT, 6 is a funct ion of the  spanwise loca t ion  because of the  nonuniform flow 

on the  wind tunnel  side-wall. 

The 

5 

S 

Boundary layer parameters were not  measured fo r  the  flow over t he  model f o r  

t he  tests conducted i n  the  freestream of the Mach 8 Variable  Density Tunnel. 

Therefore,  i t  is necessary t o  c a l c u l a t e  the boundary layer flow f o r  t h e w  tests. 

The technique used in t h i s  s tudy is a s o l u t i o n  the compressible boud.try layer  equat ions 

using the  numerical method described by Keller and Cebeci (Rcference 11). This method 

has  been extended t o  compressible idea l  gas flows by T. Cabeci and has been used in many 

boundary layer analyses.  For turbulen t  flow, the  eddyjviscosi tv  formulation of  Cebeci 

(Reference 12) were used. For t r a n s i t i o n a l  flow, the intermit tency f ac to r  given by Chcn 

and Thvson (Rtfenence 13) were emplovecl. 

To e s t a b l i s h  the v a l i d i t y  of the  computed houndary l a v e r  parameters, ttrc 

ca lcu la ted  hea t  t r a n s f e r  rates have been compared with the measured values on the 

top sur face  model i n  t h e  freestream. Measured and predicted hea t ing  d i s t r i b u t i o n s  

are compared i n  Figure 88 f o r  f reestream condi t ions Ms,> = 8 and R e , ~ / m  = 21.8 x 1 'b. 

The agreement between theory and experiment is q u i t e  good for  t h e  case i n  w h i c h  

laminar, t r a n s i t  tona l ,  and turbulen t  flow a r e  considered In the m a l y s  Is. 

The predicted displacement .ind moorcntm thicknesses  for, the silnicl f rccst  rt- . im 

wind tunnel run are shown i n  Figure 89 by Assuming (a) f u l l y  laminar,  (1,) f r i l l y  

tu rbulen t ,  and (c )  laminar, t r a n s i t i o n a l ,  and turbulen t  flow. 'The piramc'tcrs * 
and 8 are very d i f f e r e n t  f o r  laminar and turbulen t  flow. 'l'hese r t b s d t s  s h j w  t ha t  

the e f f e c t  of t r a n s i t i o n a l  flow m u s t  be included i n  determining tlic bound.iry I.iycr 

parameters f o r  t he  freestream tests.  

-- 
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Boundary layer  calculations were made fo r  two addi t iona l  freestreem conditions: 

M, = 7.7, Re,/m = 2.30 x 10 6 6 (a) 
these two cases it  w a s  found tha t  the  "transition extent Reynolds number" used i n  
the boundary layer computer program was not valid. 

cause the  transition cor re la t ion  used i n  the  ana lys i s  is the  formulation suggested 

by Chen and Thyson wliich is based on experimental data f o r  freestream Mach numbers 

less than 5.0. The t r ans i t i on  extent Reynolds number is evaluated a t  the  onset of 

t r ans i t i on  flow. 

and (b) M, = 7.87, Re,/m - 6.06 x 10 . For 

This w a s  not surpr i s ing  be- 

Chen and Thyson's equation f o r  the  extent of t r a n s i t i o n  is 

.67 RehX - A Re tr 
1.92 A - 60 + 4.68 M, 

ReAx = 

Retr  = 

Xeynolds number based on the  extent of t he  

transition zone 

Reynolds number based on the  physical location 

of the  t r ans i t i on  onset point 
For these two cases it w a s  found t h a t  

1.92 A = 0 + 1.85 M, 

gave the b e s t  f i t  fo r  the  t r ans i t i on  zone. 

sh ip  f o r  the parameter "A" is va l id  for  a l l  freestream Mach numbers grea te r  than 

5.0. The above re la t ionship  is probably only va l id  f o r  the  two cases considered 

i n  t h i s  report. A deta i led  study is ce r t a in ly  needed t o  r e f ine  Chen and Thyson's 

cor re la t ion  f o r  freestream Mach numbers grea te r  than f ive.  

I t  is not implied t h a t  t h i s  relation- 

The va l id i ty  of the  boundary l ayer  calculations has been established by 

comparing the measured heating values on the smooth model surface wfth the calcula 

heat t r ans fe r  ra tes .  

i n  Figure 90 fcr the two above freestream conditions. The agreement between 

theory and experiment is qu i t e  good. The predicted displacement and momentum 

thickness for  the same freestream conditions are shown i n  Figure 91. 

Measured and predicted heating d i s t r ibu t ions  are shown 

4.6.4 Ames 3.5 Foot HWT, Boundary Layer Parameters - Boundary layer calcu- 

l a t i o n s  were made f o r  the four freestream conditions of the gap heating tests: 

(aj  
6 6 Re,/m P 1.45 x 10 , (b) Re,/m p2.20 x 10 , (c) Re,/m 3.26 x 1 G 6 ,  and (d) 

ed 

6 Re,/m = 4.51 x 10 . 
The va l id i ty  of t h e  boundary layer ca lcu la t ions  was es tab l i shed  by comparing 

the  measured heating values on the ca l ib ra t ion  p la te  with t h e  calculated heating 

All calculation6 were made at a freestream Mach number of 5.10. 
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rates. 

f o r  t h e  above four  freestream conditions.  

Measured and predic ted  hea t ing  d i s t r i b u t i o n s  are compared in Figure 92, 
The predic ted  displacemnnt and momentum 

These I thicknesses f o r  t h e  same four  freestream conditions are shown i n  Figure 93. 

i boundary l a y e r  parameters were used i n  the  d a t a  c o r r e l a t i o n  a c t i v i t y .  

An i n t e r e s t i n g  r e s u l t  of t he  present  c a l c u l a t i o n s  is t h a t  t h e  t r a n s i t i o n  

correlat ior l  used i n  t h e  boundary layer computer program was found t o  be v a l i d  f o r  

t he  Ames data.  

suggested by Chen and Thyson (Reference 13) which is based on experimental da t a  

under near ly  a d i a b a t i c  w a l l  conditions.  

conditions.  

v a l i d  f o r  both cold and hot w a l l  condi t ions ,  a t  least a t  the upper Mach number l i m i t  

of t he  c o r r e l a t i o n  (M - 5 ) .  rhe e f f e c t  of cooling on the t r a n s i t i o n  ex ten t  Reynolds 

number needs fu- ther  i nves t iga t ion  f o r  M < 5 .  

I 

1 
i 

I 

I 
I 

I 

The t r a n s i t i o n  c o r r e l a t i o n  used i n  t h e  ana lys i s  is the  formulation 

I 
T j e  Ames d a t a  were taken under cold w a l l  

I 

It t h e r e f o r e  appears that t h e  Chen-Thyson t r a n s i t i o n  c o r r e l a t i o n  is 
I 

I 
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4.? Flow F i e l d  Simui?tion - rhe gap hea t ing  d a t a  c o l l e c t e d  during t:,is study 

are t o  be c o r r e l a t e d  i n  terms of t h e  flow f i e l d  parameters def ined i n  Section 4.6 

(Soundary Layer Amlyses).  

S h u t t l e  f l i g h t  parameters i n  Figures  94 t h r u  96.  These f i g u r e s  provide an in- 

s i g h t  i n t o  t h e  f l i g h t  simulation capa ' . i l i t i es  of the  wind tunnels  wher:: gap hea t ing  

data were taken. 

The wind tunnel parameters are coil!Tared with a v a d a b l e  

A losa; Reynolds numbzr-local Mach number map comparing wind tunnel  and f l i g h t  

condi t ions I s  presented i n  Figure 94. 

open symbols f o r  tu rbulen t  flow, flagged symbols for t r a n s i t i o n a l  flow, i id closed 

symbols f o r  laminar flow. 

ca lcu la t ions .  The shaded zone represents  t h e o r e t i c a l  f l i g h t  c a l c u l a t i o n s  computed 

by F i v e l  (Reference 14) v*?ing a non-equilibirum, real gas bowdary layer  computer 

program. F i v e l  performed a n a l y s i s  of the flow over 0.524 and C.698 radian h a l f  

angle  cones having a nose radius  of 61  cm a*. an a l t i t u d e  of 70.2 km while f l y i n g  

a t  a v e l o c i t y  of 7.32 lun/second. 

ca lcu la t fons  were performed along t h e  en t i re  a x i a l  length of t h e  cone (20.5 meters).  

The shaded zone comblnes ca lcu la ted  condi t ions for  both iaminar and turbulen t  flow 

t h a t  are expected on S h u t t l e s  lower surface.  

t h e o r e t i c a l  f l i g h t  ca lcu la t ions  by Rockwell I n t e r n a t i o n a l  (Reference 15) f o r  

S h u t t l e  Trajectory 89212 between X/L of  0 .1  and 0.5 on the  O r b i t e r  lower c e n t e r l i n e .  
It can be noted t h a t  t h e  l o c a l  Mach number cn  t h e  lower c e n t e r l i n e  does not exceed 

6.0. 

30° angle  of a t tack .  

s i m u l a t i c  : of S h u t t l e  f l i g h t  R e / m  and Mach n i e r  w i t h  the  o ther  tunnels  pr3ducing 

s l i g h t l y  more severe conditions.  

The wind tunnel  d a t a  are represented bv 

Also shown i n  t h i s  f i g u r e  are two sets of S h u t t l e  f l i g h t  

Detai led i n v i s c i d  flow f i e l d  and boundary l a y e i  

The crosshatched zone represents  

This is due t o  the  s t rong  shock which de*.ve.ops xhen the  Orbi te r  e n t e r s  a t  

The NASA JSC a r c  tunnel  i l n w  condi t icns  nrcvi.de a good 

The  displscement thickness  and momanturn thickness  a r e  shown i n  Figures 95 and 

96 versus the  local  Mach number. The F i v e l  and Rockwell I n t e r n a t i o n a l  ca lcu la t ions  

are a l s o  shown i n  these f i g u r e s  f o r  comparison. In  a d d i t i o n ,  t h e  displacemenr 

thicknesses  measured i n  t h e  w a l l  boundary layer of the  Langley Unitary Plan Wind 

Tunnel are a l s o  shown t o  demonstrate t h e  e f f e c t i v e n e s s  of t h e  UPWT i n  simillating 

the f l i g h t  conditions.  As shown on Figure 95 the  displacement thickness  of  the 

S h u t t l e  boundary layer  is simulated on the  var ious gap panels t e s t e d .  

thicknesses  range from 0.1 t o  10 centimeters.  

and Mach 8 V.D.T. produced boundary layers with momentum thicknesses  as l a rge  a s  

expected i n  f l i g h t .  Momentum thicknesses  of 0.17 and higher a r e  expected during 

Displacement 

On t h e  o ther  hand, only the CFHT 

f l i g h t .  
I. 
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4.8 Comparison of Gap Heating Data from Arc Tunnel and Wind Tunnel T e s t s  - 
The gap heat ing da ta  which have been ass imi la ted  come from both an a r c  tunnel and 

wind tunnels.  Arc tunnels  provide high energy (temperature and enthalpy)  flow t o  

test art icles while wind tunnels  provide a considerably lower energy flow. The 

e f f e c t  of t h i s  d i f fe rence  i n  flow energy on gap hea t ing  was i n v e s t i g a t e d  by com- 

paring d a t a  from arc and wind tunnels.  Figure 97 summarizes the  gap heaLing test 

environments and t ransverse gap geometry f o r  which data have been assimilated.  As 

can be noted, the wide v a r i e t y  i n  conditions makes d i r e c t  comparisons d i f f i c u l t .  

The check marks denote t h e  data which were s e l e c t e d  for comparison. 

from the JSC 10 MU arc tunnel  tests were compared with the  wind tunnel  data .  

gap widths bound the  s e l e c t e d  gap widths from t h e  wind tunnels.  

the  lowest freestream u n i t  Reynolds number of  aiir of  t h e  f a c i l i t i e s .  

lowest Reynolds number data ava i lab le  fram each wind tunnel  f a c i l i t y  were s e l e c t e d  

f o r  comparison. 

the wind tunnel tests while i t  w a s  turbulent  f o r  the  o t h e r  two wind tunnel  tests. 

' h o  gap widths 

These 

The a r c  tunnel had 

Therefore,  the 

A latlinar boundary l a y e r  e x i s t e d  i n  the  arc f a c i l i t y  and two of 

Gap heat ing da ta  from each wind tunnel  tesL were cospared ind iv idua l ly  with 

data from the  arc tunnel test i n  Figures 98 

data  from the Ames 3.5 foot  Hypersonic Wind l a n d  and the  JSC 10 MW Arc Tunnel is 

shown i n  Figure 98- 

ment with similar edge Mach numbers. 

of heat ing down the  gap, although the  shapes of the  hea t ing  d i s t r i b u t i o c s  are 

d i f f e r e n t .  Figure 99 presents  the  comparison of  gap hea t ing  d i s t r i b u t i o n s  f o r  the 
arc tunnel and the "freestream" tests i n  the  LaRC Variable Density Tunnel (VDT). 

Both tests were run with a laminar boundary layer over the test art icle.  

number in the  V.D.T. was 8.0 while the Mach number i n  the  a r c  tunnel w a s  4.2. Also, 

the  freestream uni t  Reynolds number is considerebly higher  i n  the wind tunnel than 

i n  the a i c  tunnel. 

depth i n t o  the  gap of the 0.7 c m  and below. 

t h r u  101. A compnrtson c f  gap heat ing 

Both tests were conducted i n  a laminar boundary l a y e r  environ- 

Generally good agreement e x i s t s  i n  t h e  l e v e l  

The Mach 

The wind tunnel  data  agree vel1 with the  a r c  tunnel d a t a  a t  a 
1 The only d a t a  taken higher  i n  the gap 

were taken at 0.5  cm and here t h e  dimensionless hea t ing  was considerably higher 

than In the arc tunnel.  

t o  expose the  test a r t i c l e  t o  a turbulent  boundary layer .  

with the a r c  tunnel da ta  i n  Figure 100 and a r e  considerably higher than t h e  laminar 

arc tunnel data .  Figure 101 compares the  arc tunnel  da ta  and da ta  taken in  the 

w a l l  of the  Mach 10 Continuous Flow Hypersonic Tunnel (CFHT). The boundary layer  

i n  the CFHT tests was turbulent  and the  d a t a  f o r  these tests are again higher  than 

the  a r c  tunnel data .  

Gap hea t ing  d a t a  were a l s o  taken i n  the  wal l  of the V.D.T.  

These da ta  a r e  compared 
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S U M M A R Y  OF G A P  HEATING TEST ENVIRONMENTS 
A N D  GEOMETRY (TRANSVERSE BUTT J O I N T )  
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Figure  97 
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C O M P A R I S O N  OF T R A N S V E R S E  G A P  H E A T I N G  
( J S C  10 MW A N D  A M E S  3 .5  FT) 
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C O M P A R I S O N  O F  T R A N S V E R S E  G A P  H E A T I N G  
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C O M P A R I S O N  OF T R A N S V E R S E  G A P  H E A T I N G  
( J S C  IO MW A N D  CFHT) 
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The d i f fe rence  i n  enthalpy between arc tun-lels and wind tunnels  does not appear 

t o  s i g n i f i c a n t l y  a f f e c t  gap hea t  t r a n s f e r  when normalized by the  reference sur face  

hea t ing  rate. The laminar wind tunnel  da t a  agree reasonably w e l l  wi th  the  laminar 

arc tunnel  data.  

The data ind ica t e  t h a t  tu rbulen t  boundary layers result i n  h igher  dimensionless 
heat ing in gaps than laminar boundary layers. 

However, t he  boundary l aye r  state does a f f e c t  the  hea t ing  i n  gaps. 

E 
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4.9 Comparison of Gap Heating Data with Available Theories - Heating p r o f i l e s  

obtained from t h e  A r c  t m n e l  and wind tunnels  tests were compared with t h e o r e t i c a l  

calculation methods t o  determine the  adequacy of t h e  theor ies .  

o r e t i c a l  expressions were examined f o r  parameters t o  be used i n  c o r r e i a t i n g  test 

r e s u l t s .  

(Reference 16),  Hodgson (Reference 17) and Nestler ,e t  a1  ,(Reference 18) .  

The f o r m  of the- 

The three  most appropr ia te  theor ies  which were examined are; Burggraf 

Burggraf developed a r e l a t i o n s h i p  f o r  hea t ing  t o  the  w a l l  of a cavi ty  exposed 

t o  s teady separated flow i n  two-dimensional rectangular  c a v i t i e s  a t  high Reynolds 

number. The e x t e r n a l  flow w a s  separated from the. i n v i s c i d  r o t a t i n g  flow i n  the gap 
by a r e c i r c u l a t i n g  flow which was defined, using a modif icat ion of Chapman,s t h e o w .  

Figure 102 contains  t h e  important c a l c u l a t i o n  s t e p s  f o r  Burggraf's theory. 

hea t ing  r a t i o  t u r n s  out  t o  be a pure function of gap dimensions and c h a r a c t e r i s t i c  

flow length.  Parameters used i n  the theory inc lude ,  flow length divided by gap 

width, gap width t o  depth r a t i o  and d is tance  down the  downstream face of the gap 

normalized by t h e  sum of gap width and depth. 

The 

Hodgson (Reference 17) formulated a two dimensional model f o r  laminar flow i n  

cavities. The model includes an upstream boundary l a y e r  t o  e s t a b l i s h  a cavi ty  shear  

l a y e r  and the e f f e c t  of compressibi l i ty  on reattachment l w g t h .  Figure 103 contains  

the  c a l c u l a t i o n  procedure used and includes a corrected expression f o r  reattachment 

length (Reference 18). Parameters en ter ing  i n t o  t h e  c a l c u l a t i o n  include, the wal l  

temperature t o  boundary l a y e r  edge temperature r a t i o ,  Mach number, Reynolds number 

based on gap width and boundary layer thickness.  

Heating d i s t r i b u t i o n s  down the gap w a l l  computed using Burggraf's method, 

Hodgson's method and Hodgson's method referenced t o  Ecker t ' s  f l a t  p l s t e  neat ing 

are compared with measured d a t a  i n  Figures 104 and 105. 

104) from t h e  M a 8  V.D.T. and the irMES 3.5 foot  H!L have a sharp drop i n  heat ing 

with d is tance  i n t o  the  gap. 

gap hea t ing  and Burggraf's method p r o h c e s  a d i f f e r e n t  shaped heat ing d i s t r i b u t i o n .  

Hodgson's method (Figure 105) s i g n i f i c a n t l y  overest imates  the  gap heat ing dis-  

t r i b u t i o n s  obtained from Arc tunnel tests. 

s i t i v i t y  t o  gap width than measured. 

Wind tunnel d a t a  (Figure 

Predic t ions  basc3 on Hodgson's method overestimates 

Burggraf's method shows a higher sen- 

Nestler (Reference 18) developed a c o r r e l a t i o n  of gap hea t ing  using hea t ing  f o r  

a t tached  flow i n  tenw of gap width t o  flow length r a t i o  and gap depth t o  gap width 

r a t i o .  Data from t h e  JSC 10 MW channel nozzle tests and from NASA TS D-5908 have 

been added to Nestler's char t  (Figure 106). 
t h a t  decrease,  r a t h e r  than increase ,  with gap width. 

These da ta  show higher  hea t ing  r a t i o s  

143 
MCDOUNRLL D O U ~ L A S  ASTROUAUTlCS COMPANY - E n S T  



9 

! 

FINAL REPORT 
VOLUME I 

REPORT MDC E1003 
29 JANUARY 1974 

B U R G G A F  L A M I N A R  C A V I T Y  H E A T I N G  E Q U A T I O N S  

PeUexo Re = - 
xO pe 

I f  Re 7 Re,, then 
xo 

u= 
qS 

RIEMAN ZETA FUNCTION 

= + 0.803323 aO 

a3 = - 1.19i21 

i 

n=O 

a, = - 3.89728 

= + 0.308284 a4 

= + 2.55002 a2 

= - 0.0335024 a5 

F i g u r e  102 
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H O D G S O N  L A M I N A R  C A V I T Y  H E A T I N G  E Q U A T I O N S  
Z-NE VELOCITY: 

'dlue = f (w/x,) 2 3 5 
Io + al C. + a2 6 + a 6 + a E4 t a5 6 3 4 

KHERE 6 = LOGlo (W/Xo) 

a. = + .51706 al = + .OS8707 a2 = - .049822 

L = L. 1 { 1 + .447 [(y-1)/2] Mt/[5.22 + 4.41 (TW/Te -l)]} 
L -I 

Li = 11.8W/Rew1/2 ; ReW = peUeW/lle 

FOR Z/L < 1 
m 

1/2 J exp [-Z/L!9.87n 2 + 28.1) - 1. -.189 exp ( -5.3Z/L) -10.6 c 9.87n2 + 28.1 n= 1 

V 

'd 

FOR Z/L > 1, v = ud AND 

StReL1l2 = C,/(Z/L - 
AND FOR PR = 0.7, A = -178 t- xo --q I- 

ReL = 'c uC "d --Tl-'T- 
9 stDcvCp(Td - Tw! 

Figure lo3  
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C O M P A R I S O N  OF L A M I N A R  T H E O R I E S  W I T H  
W I N D  T U N N E L  DATA 

LaRC MACH 8 VgT RUN 10 
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HOOGSON q/qECK 

AMES 3.5 FT HWT RUN 56 
KeJP 1 .59X106 
W = .254 cm 

1. 

10 

01 

1 .o 

. l o '  

.Ol 

I 
I 

- 
' -. 

I 
I 

F i g u r e  104 

I46 

~ .. MCOONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST 

I' ; 
I-_- - '.I c n  



FINAL REPORT 
VOLUME I 

REPORT MDC E1003 
29 JANUARY 1974 

COMPARISON OF LAMINAR T H E O R I E S  W I T H  
I O  MW A R C  T U N t i f L  D A T A  

DOWNSTREAM TRANSVERSE GAP 
T = 3.18 cv  

DOWNSTREAM TRANSVERSE GAP 
T = 6.35 cm 

Figure  I05 
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R A T I O  OF AVERAGE S E P A R A T E D  TO A T T A C H E D  H E A T  FLUX 
FOR L A M I N A R  FLOW 

. 0001 .OOl . 01 0.1 1 .o 

= ENERGY FLUX CROSSING wi: + L ----4iw+ " 
QA = ENERGY FLUX TO AREA "W" 

SHtAR LAYER OVER GAP "W" 

IF ATTAWED FLOW EXISTED 

F igure  106 
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The laminar theor ies  t h a t  were inves t iga ted  d id  not agree with the  measured 

Hodgson's theory cons i s t an t ly  overpredic t s  wind tunnel  and heat ing in the  gaps. 

Arc tuunel results. 
data. 

Burggraf's theory agrees somewhat b e t t e r  with wind tunnel  

Burggraf's method shows a g rea t e r  s e n s i t i v i t y  t o  gap width than observed i n  
the Arc tunnel data, appearing t o  under p red ic t  heat ing for narrow gaps and over 

pred ic t  f o r  t he  wide gaps. 

t h e o r e t i c a l  models of flow and convective hea t ing  i n  gaps. 

Additional e f f o r t  is therefore  warranted i n  developing 
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The gap hea t ing  da ta  which were analyzed were also cor re l a t ed  i n  terms of gap 

dimensions, loca t ion  of gap, l oca t ion  i n  the gap and boundary l a y e r  parameters. A 

general  d a t a  management system w a s  set up so a common approach could be  appl ied  t o  

c o r r e l a t e  d a t a  from ava i l ab le  sources.  

ccmbined with physical  dimensions, instrumentat ion coordinates  and 
boundary l a y e r  parameters t o  form a da ta  bank. 
measurements were ass imi la ted  i n t o  the  da t a  bank which is func t iona l  on the  

McDonnell Douglas computer. 

da t a  sets with similar a t t r i b u t e s  including d i r e c t  i npu t  t o  a MRA (Multiple Regres- 

s i o n  Analysis) computer Program. The MRA program a s s i s t e d  in correlating test d a t a  
from the  JSC 10 MW channel nozzle f a c i l i t y ,  t he  LaRC CFHT and t h e  LaRC H = 8 V.D.T. 
Correlations w e r e  obtained f o r  transverse gaps, in - l ine  gaps, effects of flow angular i ty ,  

and e f f e c t s  of  s t e p s  in the  presence o f  both laminar and turbulen t  boundary layers .  

Test  r e s u l t s  were ordered, and 

Over 17000 indiv idua l  hea t  t r a n s f e r  

This  d a t a  management system p e m i t s  quick access of 

5.1 Data Correlat ion Procedure - Test information suppl ied by each test f a c i l -  

i t y  w a s  received on magnetic d a t a  tapes ,  computer t abs ,  work shee t s ,  and f a c i l i t y  

tes t  repor t s .  

i t y  and where poss ib le  these  recommendations were incorporated cons i s t en t  with what 

w a s  most convenient for  t’iat f a c i l i t y .  Data from each f a c i l i t y w e r e  processed i n t o  

the  da t a  bank and represrintative d a t a  l i s t i n g s  f o r  the  JSC 10 MW, CFHT, M = 8 V.D.T. 

and the  Ames 3.5 foot  HWT are contained i n  Figures  107 th ru  110. Volume I1 conta ins  

a complete l i s t i n g  of the  da t a  and assoc ia ted  desc r ip t ive  information. 

Format and methods of t r ansmi t t i ng  da ta  w e r e  suggested t o  each f a c i l -  

A procedure was set up f o r  order ing d a t a  and combining @ f  da ta  with flaJ f i e l d  

parameters. 

described with the  a i d  of a da ta  handling flow char t .  

ure  are d iscr imina tors  used t o  select da ta  for Corre la t ion  using the  Mult iple  

Regression Analysis program. 

I n  a following section the  mechanics of t he  c o r r e l a t i o n  procedureare  

Also included i n  the  proced- 

5.1.1 Data Ordering and Marriage with Flow Fie ld  Parameters - Each piece of  
t h e  da t a  bank was  assigned 24 a t t r i b u t e s  which gap heat ing da ta  incorporated i n  

provide t raceable  information about its o r i g i n ,  instrumentat ion loca t ion  i n  the 

j o i n t ,  heat  t r a n s f e r  parameters and boundary l aye r  parameters. The assigned 24 

a t t r i b u t e s  are l i s t e d  i n  Figure 111- 

or ig in ,  run number and instrumentat ion designat ion c o n s t i t u t e s  the  f i r s t  a t t r i b u t e  

word. 

t o  the da t a  bank. 

Traceable information about test program 

The sys tem is formulated so t h a t  information from o t h e r  tests can be added 

Information about the  boundary l aye r  flow over  t h r  RSI  j o i n t s ,  
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as discussed in Section 4.6, was married with t h e  instrumentat ion loca t ion  and the  

gap hea t ing  d a t a  t o  complete t h e  d a t a  bank. The 24 a t t r i b u t e s  are a150 used t o  

select a p a r t i c u l a r  set of da t a  f o r  co r re l a t ion .  

s tored  on magnetic da t a  tape. 

The 24 a t t r i b u t e  information is 

5.1.2 Data Handling Flow Chart -The  funct ioniag of the  d a t a  management sys- 
tem is i l l u s t r a t e d  in Figure 112. 
s tored  on a d a t a  tape are combined with test matrix information, T/C coordinates  

and boundary l a y e r  flow f i e l d  parameters in t h e  "MI C" program t o  generate  a 24 

word a t t r i b u t e  tape. 

manner. 

according t o  a list of discriminators spec i f i ed  f o r  a p a r t i c u l a r  type of gap t o  be 

analyzed. 

e i t h e r  t he  "Select" program or by t h e  Multiple Regression Analysis (MRA) program. 

The MRA program processes the  se l ec t ed  data and determines the  bes t  f i t  f o r  candi- 

da t e  co r re l a t ion  equatione. 

For example, r e s u l t s  from the  CFHT tests 

Companion tapes  from t h e  o the r  tests are prepared i n  a similar 

These tapes are then processed by another  program which s e l e c t s  data 

Information from the  JSC tests contained on da ta  cards  can be read by 
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5.1.3 Se lec t ing  Data f o r  Corre la t ion  - A list of 29 d iscr imina tors  was 

prepared f o r  s e l e c t i n g  data from the  24 a t t r i b u t e  tapes  f o r  co r re l a t ion .  

shows an input  form f o r  the  "SELECT" program. 

were used to  f a c i l i t a t e  the  s e l e c t i o n  process. 

generated containing the  s e l e c t e d  data. 
i d e n t i f y  t rends ,  anomalies and f o r  checking data .  

Figure 113 

Upper and lower l i m i t  d i scr imina tors  

Tabulations as w e l l  as tapes  were 
The tabula ted  information was valuable  f o r  

5.1.4 Multiple Regression Analysis - Because of the  l a r g e  amount of hea t ing  

da ta  ava i l ab le  f o r  co r re l a t ion ,  an automated mul t ip le  regression technique was 

used t o  obtain consistent-nonbiased co r re l a t ion  equations.  

r e l i e v e s  the  ana lys t  of many tedious ca l cu la t ions  involved i n  obta in ing  sound 

co r re l a t ions .  

(Referc -=e 19) provided information as t o  t he  adequacy of candidate co r re l a t ion  

funct ion and t h e  equation coe f f i c i en t s .  A modified vers ion of the  MRA computer 

program which accepts  information s t o r e d  i n  the  da t a  bank was used f o r  t h i s  study. 

The p r i n c i p a l  modifications included accept ing information s t o r e d  i n  tne  da t a  and 

a u x i l i a r y  s ta t i s t ica l  analyses.  The MRA computes a series of mult iple  l i n e a r  re- 
gression equat ions in a stepwise manner. A t  each s t e p ,  one parameter is added t o  

the  equation. The va r i ab le  added is t he  one which makes the  g r e a t e s t  reduct ion i n  

the  var iance about t h e  mean. Equivalently,  i t  is the  parameter which, i f  i t  were 
added, has the  highest  "F" r a t i o .  

equation(s1 and t he  statistical parameters use by the MRA t o  obta in  the most 

appropriate  cor re la t ion .  

Mult iple  regression 

The step-wise Multiple Regression Analysis ( M R . )  computer program 

Figure 114 lists the  form of the  c o r r e l a t t n g  

Local hea t ing  at the  gap r a t i o e d  t o  undisturbed f l a t  p l a t e  hea t ing  was design- 

a t ed  as the  dependent va r i ab le  f o r  a l l  co r re l a t ions .  

i n  terms of n a t u r a l  logarithms of  t he  dependent va r i ab le  because gap hea t ing  

experiences a decrease of several orders  of magnitude with d is tance  i n t o  the  gap. 

For the  JSC 10 MW data  the  r a t i o  was formed using measured convective hea t ing  

rates. For a l l  o the r  tests the  r a t i o  u t i l i z e d  meaeured convective hea t  t r a n s f e r  

coe f f i c i en t s .  The hea t ing  rate r a t i o  and heat  t r a n s f e r  c o e f f i c i e n t  r a t i o  become 

i d e n t i c a l  f o r  high enthalpy flow produced by the  JSC 10 MW f a c i l i t y .  The in- 

depenclent variables considered i n  the  MRA 3.ncluded boundary layer parameters, 

gap ,dimensionb, l oca t ions  i n  t h e  gap and r a t i o s  formed from these  q-Jant i t ies .  

Local flow p rope r t i e s  (e.g. Mach number and Reynolds number) were considered 

as c o r r e l a t i o n  parameter because they a f f e c t  embedded shock s t r e n g t h ,  f low 

expaneion azgle,  boundary l aye r  growth, boundary l a y e r  s t r u c t u r e ,  e t c .  

independent parametere considered cav i ty  geometry and p rope r t i e s  of the  maes 

"captured" by the  cavi ty  relative t o  t h e  s t r u c t u r e  and energy level of t he  r e c i r c u -  

l a t i n g  flow in the  cavi ty .  

Corre la t ions  were obtained 

Other 

NO ind iv idua l  test program had s u f f i c i e n t  
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V A R I A B L E S  A V A I L A B L E  FOR S E L E C T I N G  D A T A  

L 

! 

i 
4 

ING 

DESCRIPTION (DO NOT KEY PUNCH) OItmSIOii 

TILE PATTERN: 0-STAGGERED. 1-IN-LINE I PAIN (9 1 
WUNMRY LAYER STATE: l-tAnINAR, Z-TMNSfT1ONfi. ) r N M m , '  IBL(9) 

CAP CONFIGURATION: I-BUIT. 2-CONTOURED. 3 r O V E W .  4 - I N C L I N W  ICAPC(9)  

SIDE OF GAP. 2 - n o U l s S ~  SIDE OF CAP. 
%-TILE TOP. UPSTREAM SIDE OF 

CAP. b-TtLE TOP. W Y N S T W  SIDE OF CAP I C U C ( 9 )  

~ A L  NUBIDER OF DESIRED DATA POINTS ON EACH TAPE TO Be READ: 
0 BEADS KNTIRE FILE NTBL(9) 

fNTEBP(EDIATE DUGIIOSTiC PRINT-OUT OF FIRST IU DATA POINTS 
LOWEST ACCKPTABLK HEATING RATE RATIO 
HIOLBST ACCKPTABLK HEATING RATE RATIO 

- -  

NTaL(1) - 

HRHICH - 

Figure  1 1 3  
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MULTIPLE R E G R E S S I O N  A N A L Y S I S  

N SAMPLE SIZE 
Y DEPENDENT VARIABLE 
X i  = INDEPENDENT VARIABLE 
d f  = DEGREES OF FREEDOM 

0 STANDARD MVIATION OF ALL 'V" VALUES. n - d w  

o CORRELATION EQUATION: Y = C, + C1 X1 + C p  X2 + C3 X3 + 

'MEASURED - "CALCULATED 

o STANMRD ERROR OF ESTIMATE: S = d w  
o CORRELATION COEFFICIENT: R-4- "R +l DENOTES GOOD FIT"  

o TOTAL VARIWCE ABOUT MEAN: ST 2 = S i 1  + Sx2 7 + S i 3  + + S 2 UNEXPLAINED 

S2 
.9 o F TEST: 

F =  
s % w u I  NED 

0 TERK ARE INCi . !UT'' CORRELATION EQUATION STARTING W I T H  LARGEST "F" 

o :OEFFICtENfS ''CI", DETERMINED BY LEAST SQUARES 

I61 
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variat ion i n  f r ee  str- conditions t o  completely evaluate a l l  candidate par-ters. 
Additional experimental data are needed t o  completely determine the impact 

of these parmeters  on gap heating. 
In addition to  the f i n a l  function (or 2quatians), intermediate regr=ssim 

equations are obtained a f t a r  each s tep  in the MU, giving an indication of which 
var'ables are most important. Also, some parameters in the candidate correlation 

a 
function were rejected because they had no signif icant  e f fec t  on the  dependent f 

variable (heating rat io) .  i 

Statistical information is produced regarding goodness of f i t ,  multiple ! 

I 
2 

correlation coefficient (a) and significance of interact ion smong independent 

variables. Of par t icular  importance is the standard e r ro r  of estimate (SI f o r  
each s tep  which represents the MTS error of prediction (or confidence band around 
the regression line). 

t o  evaluate candidate function adequacy. 

I 

Ia following selections values of "S" and "R" are used 

t 

i 
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5.2 Cor re l a t ion  of 10 MU Channel Nozzle Data - Candidate c o r r e l a t i o n  equa- 

t i o n s  were obtained f o r  t h e  t r ansve r se  and in - l ine  gap models t e s t e d  i n  the  Channel 

Nozzle of the 10 MW Arc Tunnel a t  NASA-JSC. Cor re l a t ions  were obtained i n  terms of 

gap width, gap depth and d i s t a n c e  i n t o  t h e  gap. 

5.2.1 Transverse Gap Heating Cor re l a t ion  f o r  10 Hw Channel Nozzle T e s t s  - 
Transverse gap heat ing d a t a  described i n  Sec t ion  4.2 were c o r r e l a t e d  using t h e  MRA 
program. 

s i o n a l  and non-dimensional parameters w e r e  examined. Some of these parameters were 

based on terms appearing i n  boundary l a y e r  equa t i cns  o r  i n  a v a i l a b l e  gap hea t ing  

equations.  The n ine  candidate  equat ion forms :%ich had the  highest  c o r r e l a t i o n  

c o e f f i c i e n t s  are l i s t e d  i n  Figure 115 

standard errcrs of e s t d t e .  

aga ins t  t he  gap heat ing d a t a  t o  sc reen  ou t  abnormali t ies .  The terms i n  each 

equation are l i s t e d  (Figure 115) from l e f t  to r i g h t  i n  the  order  of t h e i r  contr ibu-  

t i o n  i n  c o r r e l a t i n g  the  da t a .  I t  should be noted t h a t  terms were omitt2d from the  

c o r r e l a t i o n  equat ion because they d i d  not c o a t r i b u t r  s i g n i f i c a n t l y  to t h e  co r re l a -  

t ion.  Equation 9 produced t h e  bes t  f i t  wi th  a high c o r r - l a t i o n  c o e f f i c i e n t  

(0 .9822)  and a low standard e r r o r  or estimate. Distance i n t o  the gap contr ibuted 

most t o  the  co r re l a t ion .  t h e  gap width,  and then t h e  i n t e r a c t i o n  betwec? d i s t a n c e  

i n t o  th2 gap and gap depth. Figure 116 k ives  a v i s u a l  comparison of :he c o r r e l a -  

t i o n  (Equation 9) with measured d a t a  on the  gap face for four  gap b*_d ths  and t h r e e  

gap depths. The e f f e c t  of gap depth ( t i le  thickness)  is q u i t e  obvious an2 the  

heat ing a t  the  top of t h e  gap inc reases  with gap width. Increasing gap depth 

decreases  gap heat ing.  A t  t he  widest  gap width (0.716 cm), the hea t ing  r a t i o  a t  

t he  top of the gap w a s  "1.1". 

A series of f i f t y  candidate  equat ions w a s  invest igated.  Both dimen- 

Also contained i n  the  f i g u r e  are the  

Each of t he  candidate  func t ions  w a s  a l s o  p l o t t e d  

In  Figure 117 Jnd 118 the  ca.xifdate func t ions  are compared a g a i n s t  one another 

and a g a i n s t  t he  d a t a  f o r  t h e  widest  gap (0.716 cm). Several  of t h c  candidate  

func t ioas  shown i n  Figure 117 do not c o r r e l a t e  t he  d a t a  and Equation 5 which is i n  

terms of (Z/W) underpredicts  gap hea t ing  near  t h e  top of t he  gap and over- 

p r e d i c t s  gap hea t ing  a t  lower regions i n t o  the  gap. Equation 1 has the  best  f i t  

f o r  a l l  equat ions i n  Figure 117. Figure 118 compares Equation 1 and Equation 9 

with the measured d a t a ,  

passes hrough the c e n t e r  of t he  d a t e .  The c o r r e l a t i o n  equation for convective 

heat ing i n  the t r ansve r se  b u t t  j o i n t  exposed t o  the environments produced by the  

Equation 1 does not have a gap depth e f f e c t  cnd hence 
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10 Mw channel nozzle is; 

SGAP = (-. 3716-5.02492+2. 5604Z2+l.0733W- .037972?-.03654 (Z/W)-6.0719 (Z,'T) 2, 
QSURFACE e 

(Equation 9) 

5.2.2 In-Line Gap Heating Correlat ion f o r  10 MU Channel Nozzle T e s t s  - 
In-line gap heating da ta  described i n  Section 4.2 we= corre la ted  usdg the 

program. 

included i n  the analysis.  

during the test. 

with gap depth. 

candidate functfot .  

used t o  co r re l a t e  the  data.  

Data measured upstream as w e l l  as downstream of the  t ransverse gap were 

This was necessary because instrumentation malfunctioned 

As a r e s u l t  the  gap heating data do not show a consistent trend 

Nevertheless parameters involving gap depth were inser ted  in to  the 

It w a s  shown s t a t i s t i c a l l y  t h a t  gap depth could not  be 

Figure 119 lists rhe more competitive cor re la t ion  forms, t h e i r  cor re la t ion  

Coefficients and t h e i r  standard 

the most descr ipt ive.  
width and gap width were the  important quant i t ies .  The cor re la t ion  equation for 

convective heating i n  the in-line b u t t  j o i n t  exposed t o  environments produced by 

the  10 MU channel nozzle is; 

e r r o r s  of estimate. Equation 25 was se lec ted  as 
Distance i n t o  the gap, d i s tance  i n t o  the gap r a t b e d  t o  gap 

%AP = (-0.3319-4. 39792+1.563022-0. 2295(2/W)+l.O148w) 
QSURFACE e (Equation 25) 

Figure 120 shows the comparison of the cor re la t ion  w i t h  data  from t h e  i n - l i n e  gap 

used for the correlat ion.  
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5.3 Corre la t ion  of Heating i n  Transverse Gaps f o r  Turbulent Boundary Layers 

- i n  CFHT and M u 8  Tests - Individual  sets of da ta  f o r  t ransverse gaps submerged i n  

turbulent  bounckry layer flow were examined t o  t s t a b l i s h  t rends with boundary l a y e r  

and gap geometry parameters. CFHT hea t ing  da ta  (Figure 121) shows a l i n e a r  

decrease with d is tance  (2) i n t o  the  gap when p l o t t e d  on log-log graph paper. The 

c o r r e l a t i o n  l i n e s  i n  the  Figure change sys temat ica l ly  with gap width (W) which 

suggests a dependency of  t h e  l i n e s ’  i n t e r c e p t s  and s lope on gap width. 

the  i n t e r c e p t s  (a) and s lope (b) are dependent on (W), as a l s o  Shown i n  the  F igur i .  

The r e s u l t i n g  form f o r  candidate c o r r e l a t i o n  terms were combined with o ther  terms i n  

a MRA a n a l y s i s  t o  determine t h e  most appropriate  equation. Figure 122 summarizes 

t h e  MRA analys is .  Correlat ion c o e f f i c i e n t s  (R) and s tandard e r r o r  of es t imate  (S)  

f o r  both t h e  n a t u r a l  logarithm c o r r e l a t i o n  and f o r  an a u x i l i a r y  ca lcu la t ion  using 

Cartesian coordinates  are l i s t e d  in t h e  Figure.  

in logari thmic coordinates  and is the  most appropriate  f o r  judging goodness of f i t .  

As can be Seen a c o r r e l a t i o n  c o e f f i c i e n t  of  0.9837 w a 3  obtained out of a possible  

1.0. The r e s u l t i n g  c o r r e l a t i o n  equation (GFHT, t ransverse  gap) is: 

Values of 

The curve f i t t i n g  is accomplished 

Iln = I -1.73903-1. 74049W-2’711nZ+1.20206knW+.08495 I 
Figure 123 is a p l o t  of t h e  res idua l  (d i f fe rence  between measured and ca lcu la ted  

dependent var iab le)  versus t h e  value of an(h/hpp) measured and calculated.  

s:lould b e  noted t h a t  the p l o t s  use n a t u r a l  logarithms. 

represent  data poin ts  and t h e i r  uniform spacing i n d i c a t e s  a non-biased cor1 2lat ion 

equation. 

The maximum di f fe rence  between the measured and ca lcu la ted  heat  t r a n s f e r  c o e f f i c i e n t  

r a t i o  (h/hFp) is less than 0.07. The predicted parameter (h/hFp) has values ranging 
from 0.007 deep within t h e  gap t o  0.821 near  the  gap top. 

I t  

The i n t e g e r s  on the p l o t s  

Tho, same information is shown i n  Figure 124 f c r  Cartesian coordinates.  

Data from the  tests conducted on the  w a l l  o f  t h e  LaRC M = 8  tunnel were a l s o  

examined f o r  t rends.  
125 and shows a t rend  w i b  d i s tance  i n t o  t h e  gap a7d uni t  Reynolds number. 

d a t a  exmlned  v x e  f o r  a s i n g l e  gap width, hence a s e n s i t i v i t y  with gay, width could 

n o t  be obtained. The MRA a n a l y s i s  of these  d a t a  r e s u l t e d  i n  the following equation: 

The evolut ion of a candidate equation is shown i n  Figure 
The 

h 6 

hFP 
Iln - - -3.13609-2.322 LnZ -0.38806 Ln(Re/lO meter) 

which reduces to:  
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- -2.322) (Re -0.38806 

hFP 10 meter 6 = .04345(Z 

The cor re la t ion  coef f ic ien t  (based on na tu ra l  logarithms) was 0.9115 with a standard 

e r r o r  of estimate of 0,4531. In t h i s  case the  exponent of Z was a constant value of 
-2.322 independent of uni t  Reynolds number. 

combined i n  a MRA analysis  using candidate terms derived from the  tests preceding 
analyses. 
equation. 

Next, information from the  CFHT and M=8 turbulent  boundary l aye r  tests wae 

Figure 126 summarizes the s t ep  wise development of the cor re la t ing  
The r e su l t i ng  equation (1118) is: 

(-1.46402W-2'7@) -2 549 ( \ -.5362 7806 
- - 0.01384 - Re6 1 (W' ) 10 meter 

The independent var iables  used i n  t h i s  equation hed ranges as follows 

0.36 f. Z 1. 5.74 cm 

0.127 f. W f 0.711 cm 
Tw 0.29 5 ~ 2  0.44 

6 6 
1.158~10 5 Re (Unit Reynolds number m-'),S 19.37 X 10 

The res idua ls  (En) f o r  Equation 18 are p lo t ted  i n  Figure 127 versu8 measured and 

calculated heat t r ans fe r  coef f ic ien ts .  The res idua ls  have a more o r  less even 

d is t r ibu t ion  which ind ica tes  a non-biased cor re la t ion  and that  a l l  important in -  

dependeqt var iables  have been used. 

plot ted i n  Cartesian coordinates. The measured heat t ran- fer  coef f ic ien t  r a t i o  
had a range of 0.008 t o  0.784 whereas t k ?  computed r a t i o  had a rangc from 0.005 

t o  0.629. 
f i t  ra ther  than the Cartesian p lo ts .  

The M=8 V.D.T. gap he:t.ing data  were a l so  invesc is  -ed t o  e s t ab l i sh  trends 

Figure 128 contains the same information 

Again i t  should be noted tha t  the  log-log p lo t s  r e f l e c t  the  goodness of 

i n  terms of lateral locat ion i n  a t ransverse gap. 
a t  the same uni t  Reynolds number were correlated.  

development of the correlat ion.  
gap s e t t i n g s  were used during t h e  t e s t .  

a s t rong function of distance i n t o  the gap !Z). The heating f *  t h e  narrower gap 
(0.159cm) is lower and has a d i f f e ren t  power coef f ic ien t  than t h e  wider gap (0.317 

cm). 

Data f o r  a set of t unn t l  runs 
Figure 1 ~ 3  contains the 

MRA analysis  was not performed because only two 

As can be seen from the f igure,  heat ing is 

The heat ing i n  the gap does not change i n  the lateral d i rec t ion  (Y) fo r  the 
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narrow gap whereas a definite increase in heatlng it  present in the wider near the 

intersection with an in-line gap. 
used t o  determine the effect of lateral location in  the transverse gap. 

investigations are warranted in  t h i s  area. 

The correlation developed In Figure 129 can be 
Additional. 
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5 .4  Corre la t ion  of CFHT Data, Effec ts  o f  Flow Angle and Steps  - Two types of 
b 

c o r r e l a t i o n  were performed on the  CFHT d a t a  i n  t h e  s tudy of flow angle on gap 

heat ing.  

t h e  t i le top and t h e  walls of t h e  gap. 

using Mult iple  Regression Techniques. 

I n  one approach, maximum and average hea t ing  r a t i o s  were examined f o r  

In  t h e  o t h e r  approach, da ta  were c o r i e l a t e d  

5.4 .1  Correlat ion of Maximum and Average Heating. CFHT - The CFHT tests 
i 

provided data on t h e  top and four  s i d e s  of a t h i n  s k i n  t i l e  as a funct ion o f  gap 

width, flow angle ,  and s t e p  height.  

and on each o f  t h e  four  s i d e s  at  0.3 c m  i n t o  t h e  gap were computed and are presented 

as funct ions of  t h e  test parameters. 

shown i n  Figure 130. 
e i t h e r  gap width o r  flow angle  f o r  t h e  range of parameters t e s t e d .  

increas ing  gap width increases  t h e  arerage s u r f a c e  heat ing.  

p o s i t i v e  0.25 an s t e p  he ight ,  t h e  average hea t ing  reached a maximum a t  a gap 

width of  0.46 cm o r  approximately twice t h e  s t e p  he ight .  The s e n s i t i v i t y  of 

average sur face  hea t ing  t o  flow angle increases  as s t e p  height  i s  increased.  The 

average hea t ing  is n o t  a f f e c t e d  by flow angle  when t n e  t i l e  i s  recessed (negative 

0.17 cm s t e p  height) .  Data were taken f o r  a gap width of 0.23 cm only a t  t h i s  

s t e p  height .  For f l u s h  t i les  t h e  hea t ing  is i n s e n s i t i v e  t o  flow angle between 0 

and 30 degrees. The average sur face  hea t ing  increases  when t h e  flow angle in- 

creases above 30 degrees. For t h e  p o s i t i v e  s t e p  t i les ,  any flow angle g r e a t e r  

than 0 degrees r e s u l t e d  i n  higher  average hea t ing  t o  t h e  top of the  t i l e .  The 

m a x i m u m  heat ing t h a t  w a s  measured on t h e  top of  t h e  t i l e  is  shown i n  Figure 131. 

b p o s i t i v e  step height  (iO.25 cm) resu l ted  i n  a s i g n i f i c a n t  increase i n  maximum 

s u r f a c e  heat ing.  

hea t ing  on t h e  p o s i t i v e  s t e p  t i l e  w a s  twice t h a t  measured on a f lush t i l e .  For 

f lush  tiles, increas ing  gap width increases  t h e  maximum s u r f a c e  heat ing.  

with a p o s i t i v e  s t e p ,  t h e  maximu- hea t ing  increases  as t h e  gap width increases  up 

t o  0.46 cm. The e f f e c t  of increas ing  t h e  gap width above 0.46 cm on maximum s u r -  

face  hea t ing  varies with flow angle,  but  general ly  tho_ maximum heat ing does no: 

increase.  For t i l es  with negat ive s t e p  he ights .  t h e r e  is l i t t l e  e f f e c t  of flow 

angle  a t  t h e  gap width t e s t e d  (W = 0.23 cm). 

increase  i n  maximum sur face  hea t ing  with increas ing  flow angle up t o  approximately 

30 degrees. Further  increases  i n  flow angle had l i t t l e  e f f e c t  on maximum surface 

heat ing.  

a l l  gap widths,  

of 45 degree. 

Average heat ing rates f o r  t h e  top of the  t i l e  

The average hea t ing  on top of the  t i l e  is 

Step height  has  a g r e a t e r  e f f e c t  on average hea t ing  than 

For f lush  t i l es ,  

For t i les  with a 

For some gap width/flow angle  condi t ions t h e  maximum sur face  

For  t i l e s  

i 

F The f lush  t i l es  experienceu an 

6 
The t i l es  with a p o s i t i v e  s t e p  show grea t  s e n s i t i v i t y  t o  flow angle a t  

i 
F 

The m a x i m u m  hea t ing  t o  the top  of t h e  t i l e  occurs a t  a flow angie . f  

z 185 
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The average hea t ing  on the  four  s i d e s  of f l u h  tiles a t  0.3 cm i n t o  the  gap 

summarized i n  Figure 132. 

gap width. 

cons is ten t ly  higher  than the  average heat ing on the  upstream s i d e s  of t h e  gap ( 2  and 

4 )  a s  y varies from 0' t o  90'. The e f f e c t  of gap width on average hea t ing  is maze 

pronounced on t h e  downstream s i d e s  (1 and 3) than on t h e  upstream s i d e s  (2 and 4 ) .  

The general  e f f e c t  was f c r  average gap hea t ing  t o  increase  with increas ing  gay 

width. 

more c lose ly  i n  Figures 133 and 134. Figure 133 shows t h e  average hea t ing  f o r  

s i d e s  1 an1 2 as a funct ion of flow angle f : a l l  gap widths t e s t e d .  

s i d e  of t h e  gap (1) is s i g n i f i c a n t l y  a f f e c t e d  by gap width while t h e  upstream s i d e  

(2) is f a i r l y  i n s e n s i t i v e  t o  gap width f o r  flow angles between 0' and 70°. As the  

flow approached 90' s i d e s  1 and 2 become in l ine  gap faces  and are both a f f e c t e d  

by changes i n  gap width. Figure 134 presents  average heat ing f o r  s i d e s  3 and 4. 

S imi la r  conclus ims  can be shown from t h i s  f i g u r e  as were drawn from F i g c i s  133. 

Data are presented f o r  d.1 flow angles as a funct ion of 

The average hea t ing  on t h e  downstream s i d e s  o f  t h e  gap (1 and 3) i s  

The e f f e c t  of gap width and flow angle  on average gap heat ing was examined 

The downstream 

The s e n s i t i v i t y  o f  the  average gap hea t ing  at  0.3 a r ~  down t h e  gap t o  s t e p  

h ight  is presented in  Figures 135 t h t u  138 f o r  s i d e s  1, 2 ,  3 and 4 ,  respect ively.  

Average heat ing f o r  s i d e  1 (Figure 135) is presenteu as a funct ion of  frow o r i e n t -  

a t i o n  f o r  the  s t e p  h i g h t s  and gap widths tes ted .  

f l u s h  t i l e  d a t a  t h a t  w a s  :jreviously presented i n  Figure 133. 

height  d a t a  shawu s i p  f i c a n t l y  higher  s i d e  1 average hea t ing  th;.i the  f lush  t i l e  

data.  

is enhanced wher, thc f-ilc has a p o s i t i v e  s tep .  

da ta  i n d i c a t e  lcwer a rerage hea t ing  than f o r  f lush  t i les  a t  a l l  flow o r i e n t a t i o n s .  

The average hea t ing  U . 3  cm down the  gap f o r  s i d e  2 is shown i n  Figure 136. 

e f f e c t  of s t e p  height  on s i d e  2 average hea t ing  1s minimal f o r  t h e  lower flow 

angles.  

ZAI t h e  e f f e c t  of s t e p  height  becomes more pronounced. 

width 011 average hea t ing  t o  s i d e  2 becomes g r e a t e r  as the  flow angle approaches 90 . 
The average hea t iag  t o  s i d e  3 a t  0 .3  cm dovn t h e  gap i s  presented i n  Figure 137. 

Side 3 average hea t ing  t rends  are much the  saue is those discussed f o r  s i d e  1. 

S i m i l a r l y ,  the  average he-Ling t o  s i d e  4 a t  0.3 cm Gown .he gap (Figure 133) in- 

d i c a t e s  the  same t rends  as s i d e  2 average heat ing.  

The shaded areas represents  the  

The p o s i t i v e  s t e p  

The s e n s i t i - r l t y  0 6  s i d e  1 average hea t ing  t o  gap width and flow o r i e n t a t i o n  

The negat ive s t e p  

The 

As the  flow angle approaches 90°, s i d e  2 becomes p a r t  of a*. i n l i n e  gap 

Also the  e f f e c t  of gap 
0 
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A V E R A G E  H E A T I N G  ON SIDES OF T I L ' S  A T  0.3 CM I N T O  G A P  
( Z E R O  S T E P )  CFHT T E S T S  

7 

DATA FOR FLOW ANGLES 3F: 
y = 0. 7.5, 15, 30, 45,  
60, . 82.5 & 90 DEGREES 

SIIJES 1 AND 3 HAVE CLOSEU SYMBOLS 
SIdES 2 AHL 4 HAVE OPEN SYMBOLS 
SIUE 2 UOLS NOT HAVE 30° LATA 
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S E N S I T I V I T Y  OF A V E R A G E  G A P  H E A T I N G  TO S T E P  H E I G H T  
A N D  FLOW O R I E N T A T I O N  A T  0.3 CM D O W N  S i D E  3 

OF CENTER T I L E  C F H T  T E S T  
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0.25 cm STEP I Wa0.71 cm 
W=0.46 cm 

Wa0.23 cm 

W=O. 13 cm 

ZERO STEP I Wr0.71 cm 

We0.46 cm 
W=0.23 cm 
W=0.13 cm 

W=0.23 cm, -0.17 cm STEP 

0 

'E P 
IIGHT 

y - FLOW ORIENTATION (DEGREES) 

Figure 137 

194 

MCOONNELL. DOUGLAS ASTROAlAUT#CS COMPANY - EAST 



RSI GAP HEATING 

P 

FINAL REPORT 
VOLUME I 

REPORT MDC E1003 
29 JANUARY 1974 

S E N S I T I V I T Y  OF AVERAGE G A P  H E A T I N G  T O  STEP H E I G H T  
A N D  FLOW O R I E N T A T I O N  AT 0.3 C M  D O W N  S I D E  4 

OF CENTER T I L E  CFHT TEST 
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5.4.2 Correlation of CFElT Gap Heating Distribution with Flow Angle - Data 
from the C F E ~ T  were investigated t o  determine m e  influence of diotance in to  tne gap 

(21, gap width (W), distance along the gap (Y) and flow orientat ion (y) on gap 
heating. Figure 139 lists the  variables considered and the equation forme in- 
vestigated. 
thermocouples w e r e  studied. 

i n  subsequent figures. 
correlations. 

Hence only results using the polynomial function are presented. 
summarizes the development of the correlating function (12A) and Figure 141 and 

142 are the  residual plots.  

coeff ic ient  (9.377) w a s  obtained but the standard error of estimate w a s  a lso 
undesirably large (0.3266). Additional correlation activities are warranted for  

these data. 

indicated in Figures 143 and 144. The heating In the gap a t  30° and 60° exhibit  

s imilar  exponential functions of distance Into the gap. 

Correlations for  the top row of thermocouples as w e l l  as for  a l l  
The correlation fo r  a l l  instrumentation is contained 

Using the  top row of instrumentation did not improve the 
The polynomial function (I) w a s  superior to  the t r i g  function 11. 

Figure 140 

Some 458 data points v:re used and a high correlation 

The form of the  correlation equation should be Investigated further as 

5.5 Correlatiop Conclusions for  Turbulent Boundary Layer T e s t s  - Several 
concluoions can be drawn from the correlat ioa of heating data fo r  transverse 

gaps for  turbulent boundary layers. 

of gap 
Ma8 tunnels were correlated. 

The correlation equations show the influence 

geometry and boundary layer parameters on eap heating. Data from CFHT and 

CFHT (Equation 16) 

CFHT and Ma8 (Equation 18) 

-.5362 - 0.01384 

For flush t i l e s ,  the average heating on ;op c.f the t i l e  increases w i t h  gap 

width and increase wben flow orientation i y )  is greater than 30'. 
Protruding t i l e s  experience higher average heating than flush t i l e s  while 
recessed tiles have a lower average heating rate .  
Maximum heating on top of tiles increases with gap w i d t h  and increases more 

s ignif icant ly  a t  (y) between 45' and 60'. 
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* 
o Average heating in gaps around four sides of a t i l e  

00 Average heating on upstream side of gap is insensi t ive t o  "y" and "W" 

00 A v e r a g e  heating on downatream s ide  of gap is f a i r l y  insensitive to  "y" 

and is a strong function of gap width 

00 Average heatfng on downstream s ide  of gap is much higher a t  a l l  "y" 

when t i le  is protruding. 

00 Recessing the tile, generally decreases average heating on t i le  aides 

00 Heating dis t r ibut ions on s ide  of t i l e  are affected by "y" 

I 
Effect is less fo r  upstream s ide  of gap 
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I 

CORRELATI  ONS I N V E S T I  GATED FOR EFFECT OF " %"ON 
H E A T I N G  I N  T R A N S V E R S E  G A P  

00 VARIABLES CONSIXRED: 

DISTANCE INTO GAP - - - - - z 
GAP WIDTH - - - - - - - - - W 

DISTANCE ALONG GAP - - - - Y 

- - - 4 "J" FLOW ORIENTATION 

00 DATA INVESTIGATED (CFHT TESTS) 

ALL INSTRUMENTATION (0 2 4 cm) 

TOP ROW OF INSTRUMENTATION (Z = 0.3 cm) 

00 CANDIDATE FUNCTIONS 

t 

I 1  

- t  H 
HFP 

/[l+(a+by+cy2)sfn2A] [ d+ez+fr2] Ch+iw]l  
e 
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H E A T I N G  I N  T R A N S V E R S E  G A P ,  FLOW O R I E N T E D  A T  
- 5 2  R A D I A N S  (3001, FOR A TURBULENT B O U N 3 A R Y  L A Y E R  

h -- 
FP 

CFHT TESTS 
V 

F G i -  
W 

GAP WIDTH (cm) 

0 0.127 
0 0.229 
A 0.457 \, 
V 0 711 I 

I 

Figure 143 
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H E A T I N G  T R A N S V E R S E  G A P ,  FLOW O R I E N T E D  A T  
n12 R A D I A N S ,  FOR A T U R B U L E N T  B O U N D A R Y  LAYER 

h - 
FP 

1 .o 

0.1 

.01 -. I - 

1. 

CFHT TESTS 
4 FLOW 

ElcEl 
+I- w 
GAP WIDTH (cm) 
0 0.127 
0 0.229 
A 0.457 
v 0.711 

.001 *d 
0.1 1 .o 10 

Figure 144 
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6.0 FORMULATION OF GAP HEATING CALCULATION PROCEDURE 

A general calculation procedure has been designed so tha t  the derived 

correlations c&n be used fn sizing TPS and detemining system performance and 

structural temperatures. 

setup in a subroutine format so t ha t  the package I s  selfcontained with w e l l  defined 

interfaces  and e a s i l y  ident i f ied  input and output. 

be compatable with general heat t ransfer  computer program6 such as the MDAC-E 
HEATBAN and SINDA. 
convective heating is to be computed, gap geometry d iscr ip tors  and boundary layer  

discriptors.  Figure 145 describes the interfaces  of the  subroutine. 

list is sized so that  the subroutine can be expanded as more correlations are added. 

The parameters in the argument list w i l l  have preset default  values to insure proper 

functioning of the subroutine i n  the case that parameters are not supplied by the 

ca l l ing  program. 

The sets of  correlation equations and control log ic  are 

The subroutine is designed t o  

The input list consists of the location within the gap where 

The argument 
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G A P  HEATING SUBROUTINE " G A P H "  

o FORMULATION I S  SETUP SO "GAPH" CAN ACCEPT MANY CORRELATIONS 
o SUBROUTINE WORKS WITH HEATRAN AND SINDA 

SUBROUTINE GAPH (3, NTAB, ZTAB, QTAB, ARGL) 

3 -1 SETS UP SUBROUTINE NAME (HEATRAN, ONLY) 
(HEATRAN, ONLY) = 0 READS SUBROUTINE INPUT CARDS 

= 1 COMPUTES GAP HEATING 
NTAB = NWUIBER OF POINTS I N  ZTAB (15 MAX) 

QTAB = TABLE OF COMPUTED HEATING RATES CORRESPONDING TO ZTAB 
ZTAB TABLE OF GAP Z-COORDINATES WHERE HEATING RATES ARE TO BE C W U T E D  (15 WX) 

(15 MAX) 

ARGLARGUMENT LIST (DIMENSIONED TO 25) 
.ARGL ( I )  = m i  = 

ARGL (2) = IGLQC = 

ARGL (3)  = ICBR = 

ARGL (4) = IGAPC = 

ALPHA = 
ARGL 7) = GAPW = 
ARGL 181 = GAPD = 
ARGL 9 = STEP = 
ARGL 10) = W F L  = 
ARGL I l l )  = HBHLW = 
ARGL ,12) = HQHHI = 
ARGL 13 = AMACH = 
ARGL 1141 = REPM = 

ARGL (16) = DTHK = 
ARGL (17) = SLYR = 
ARGL (18) = HFP = 

ARGL (19) = TW0TE = 
ARGL (20) To (25) = 

- ARGL (15) = - 

BOUNDARY LAYER STATE: 1 = LAMINAR, z = TRANSITIONAL, 
3 = TURBULENT 

GAP LOCATION: 1 = UPSTREAH SIDE OF GAP, 2 = DOMNSTREBM 

5 = T I L E  TOP 

SIOE OF GAP 

CORRELATION NUMBER TO BE USED: I F  ZERO I B L  AND IGLPC 
DETERMINE CORRELATION TO BE USED 
JOINT CONFIGURATION: 1 = BUTT, 2 = COUNTOURED, 3 = OVERLAP, 

FOR FUTURE EXPANSION 
FLOW ORIENTATION (RADIANS) 
GAP WIDTH (cm) 
GAP DEPTH (cm) 
STEP HEIGHT (cm) 
GAP FLOW LENGTH (cm) 
LOWER L I M I T  ON HEATING RATIO 
UPPER L I M I T  ON HE4TING RATIO 
LOCAL MACH NUMBER 
REYNOLDS NUMBER/METER 
MOMENTUM THICKNESS (cm) 
DISPLACEMENT THICKNESS (cm) 
SUBLAYER THICKNESS (cm) 
HEATING RATE OR HEAT TRANSFER COEFFICIENT FOR LOCAL 
CONDITIONS ON A SMOOTH VEHICLE 
T~~~~ e 

3 IN-LINE GAP, 4 = STAGNATION POINT, 

4 - INCLINED 

/ T  , TEMPERATURE RATIO ACROSS BOUNDARY LAYER 
FOR FUTURE EXPANSION 

Figure 145 
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7.0 INFLUENCE OF GAP HEAT.ING ON TPS REQUIREMENTS 
A major study a c t i v i t y  w a s  t o  examhe tne  e f f e c t  of gap heating on thermal 

3 A 
f 

protection system (TPS) requirenents. Bondline temperature pena l t ies  are expected 

t o  be associated with fabricat ion to loose tolerances (i.e. large gap widths and 

t i l e  mismatches), j o i n t  configuration and gap or ientat ion.  The e f f e c t s  of heating 

in transverse and in-line gaps of a simple bu t t  j o i n t  were determined. 

t i le  thickness increase resul ted when the convective heat ing i n  the  gaps w a s  con- 

sidered. 

1 

A 40% 

The thermal model useJ i n  t h i s  analysis  is bas ica l ly  the same as described i n  

Section 4.2.1 except f o r  the  removal of the  channel w a l l  and associated radiosi ty  

nodes and material properties.  

w a s  imposed on the model surface with the gap heating cor re la t ion  applied t o  the 

gap w a l l s .  The heating d is t r ibu t ion  correlat ion curves from the arc jet data  of 

Section 5.2, Figures 116 and 120, were used f o r  the transverse and in-line gaps t o  
get the gap heating e f f ec t s  on TPS requirements. 

c u m s  do not extend t o  the bondline. 
discussion of two extrapolation extremes t o  the  bottom of the gap is considered. 

t h i r d  extrapolation, somewhere between the two, w a s  a l so  suggested. 

study the t h i r d  extrapolation w a s  used. This w a s  accomplis,.ed by assuming tha t  

the heating a t  the bondline f o r  a 6.35 centimeter thick t i l e  w a s  equal t o  zero. 

For the other t i l e  thicknesses, t h i s  same extrapolation slope w a s  assumed. 

believed tha t  some heating does exist a t  the bondline for t b - e  thinner t i l e s .  

t i l e  insulat ion so bondline temperature does not exceed 177*C, anu weight increase 

based on zero gap width. 

fo r  the transverse and in-line gaps. T!IW transverse and in-line gaps fo r  t h e  0.2 

centimeter width required the same amount of insulat ion fo r  the conditions considered. 

The intermediate gap width (0.07 an) fo r  the in-line t i l e  requires approximately 

40% of the transverse gap requirements. 

, 

Convectiwe heating of a typical Shut t le  t ra jec tory  

1 

As seen on these figures,  the 

Refering t o  Section 4.2 and FLgure 25 a 
A 

For t h i s  

It is 

Figure 146 summarizes the maximum bondline temperature, .mount of LI-900 

Three t i l e  t r icknesses  and three gap widths were considered 
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3.18 an 5.08 cm 6.35 cm 

WX. BONDLINE TEMP. - "C 

210 143 120 

228 157 133 

255 187 165 

EFFECT OF TRANSVERSE GAP HEATING ON TPS REQUIREMENTS 
I 

! 

i 

THICrnSs 
OF TILE 3.18 an 5.08 an 6.35 cm FOR W)XDLINE BASE0 ON 177°C 

EFFECT OF I N - L I N E  GAP HEATING ON TPS REQUIREMENTS 

ABOVE RESULTS BASED ON EQUATION 25 
(CORRELATION OF JSC 10 W CHANNEL NOZZLE TESTS) 

T'ir'RMhL MODEL 

L1-900 TILE (INSULATION) 

FOR RESPONSE COFWAWISOH 

I 
UEICHT INCREASE 
MSED ON 177°C 

BONDLINE TEMPERANRE I INSULATION REQUIRED 
FOR BONDLINE 

KO1 TO EXCEED 177°C 
I 

177°C REQUIREMENTS 

i 

~~ 

3.937 m 

4.394 cm 
5.588 clll 

0.000 Kgs/m2 

0.659 kgs/m2 

2.380 Kgs/m2 
I 

TRAJECTORV 

MAX. SURFACE TEMP. = 1256OC 

.635 cm SPONGE (561 Kg/m3) 
t.064 cm AOHESIVE 

0 CII HEARED ALUMINUH BR74 RY S .5 NWTUW 

Figure 146 
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8.0 CONCLUSIONS 

The na tu re  of convective heating on the surface and i n  the gaps between RSI 

tiles on the Shut t le  has been studied by an indepth program wherein da ta  from NASA 

tests f a c i l i t i e s  were assimilated,  analyzed and correlated.  The major conclusions 

from the program follow. 

Gap heating data  and test environments fbom NASA f a c i l i t i e s  across the  

country were assimilated i n t o  a computerized d.ita bank using a common data  for- 

m a t .  
l a y e r  flow parameters were merged i n t o  the da ta  bank. 

Information describing model configuration and instrumentation and boundary 

This permitted the access, ana lys i s  and cor re la t ion  of a l l  ava i lab le  da ta  fo r  

a pa r t i cu la r  gap configuration i n  an expeditious manner. 

Heat Protect ion Abi l i ty  of Candidate J o i n t s  - The series of  RSI gap models 

tes ted  i n  the JSC 10 MW Channel nozzle provided ins ight  about the heat  protect ion 

cha rac t e r i s t i c s  of candidate jo in t s .  

o The rate of bondline heat up va r i e s  d i r e c t l y  as gap width 

o Thin tiles experience higher  gap heating than th ick  tiles 

o Deep narrow gaps i n h i b i t  penetrat ion of hot external  flow 

o Gaps wider than 0.127 cm experience s ign i f i can t  convective heating 

which may r e s u l t  i n  bondline overheating 

o 3-D rec i rcu la t ion  evident i n  gaps and out-flow i n  the transverse gap 

emanates a t  t i l e  in te rsec t ion  

For wide gaps, contoured j o i n t s  provide s ign i f i can t ly  grea te r  heat pro- 

tec t ion  than bu t t  j o i n t s  

Reducing emittance on gap w a l l  lowers gap temperature near top of gap, but 

does not s ign i f i can t ly  lower bondline heat up rate 
For some models, the in- l ine gap experienced a higher bondline heat up r a t e  

than the transverse gap 

Inclined j o i n t  experienced higher heating i n  the in- l ine gap than the bu t t  

j o i n t  

The RSI f i l l e r  block within the overlap block joined expercenced high 

heating 
Forward facing s teps  cause increased bondline heat-up for  w i d e  gaps whereas 

an  a f t  facing s t ep  results i n  low bondline heatup even for  la rge  gaps. 

o 

o 

o 

o 

o 

o 

t 
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The inverse solut ion technique was applied t o  r e s u l t s  from nine RSI gap models 

each tes ted a t  four gap width setting. 

tained by t h i s  technique. 

drawn from the "heat protect ion ab i l i t y"  invest igat ion and quant i f ied the e f fec ts .  

The conclusions are: 

Consistent heating d i s t r ibu t ions  were ob- 

The heating d i s t r ibu t ions  corroborated the conclusions 

The l eve l  of convective heating drops off  rapidly i n t o  the gap 

Gap heating increases with gap width 

Heating i n  the in-line gap is higher than i n  the transverse gap 

Heating i n  the in-line gap is more sens i t i ve  t o  gap width than i n  the 

transverse gap 

Signif icant  heating penetrates  deeper i n t o  wide gaps 

For wide gaps (W = 0.7 cm), q/qs near the  top of the gap can be higher 

than uni ty  

For moat conditions, increasing gap depth, lowers gap heating d i s t r ibu t ion  

Forward facing s teps  d i s t o r t  gap heating d i s t r ibu t ion  causing s ign i f i can t  

increase i n  heating. 

rec i rcu la t ion  may be an order  of magnitude especial ly  at wide gaps. 

The increase which results from boundary layer  gas 

The tests performed i n  the w a l l  of the CFHT provided valuable ins ight  about 
the e f f ec t s  of a th ick  turbulent boundary layer  on gap heating. 

Enhanced convective heating observed on the top of tiles 

Tiles arranged i n  staggered pa t te rns  experience higher (1.32/1* 18 1.12) 

heating on top surface than in- l ine t i les  
Heating pa t te rn  on top of t i l e  is two dimensional and lowest near gap 

Heating on top of t:',le drops off  d ra s t i ca l ly  near t r a i l i n g  edge of t i l e  

indicat ing loca l  d i s to r t ion  of boundary layer  flow 

Heating pa t te rn  on t i l e  top changes with gap width 

Study of flow or ien ta t ion  indicates  higher heating occurs a t  gap orienta- 

t ions  other than 0" and 90" 
Posi t ion of maximum gap heating s h i f t s  to  t i l e  corners as flow is rotated 

Maximum heating i n  the gap is i n  the general  locat ion of maximum heating on 

top of t i l e  

Heating on t i l e  with (0 .254 cm) forward facing s t ep  increases to  1.82 over 

ca l ib ra t ion  p1.1te; f o r  staggered t i l e s  heating rates increase t o  2.0 over 

the ca l ibra t ion  plate. 
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o S e n s i t i v i t y  s tudy concluded t h a t  including thermal conduction i n  c a l c u l a t i n g  

hea t ing  a f f e c t s  r e s u l t s .  Near top of gap ri 5% d i f f e r e n c e  was obtained. 

o Deep i n  t h e  gap tho accuracy of abso lu t e  temperature perturbed r e s u l t s .  

The teste performed i n  the  w a l l  of t he  e 8  V.D.T. provided i n s i g h t  about t he  

in f luence  of Reynolds number and tu rbu len t  boundary l a y e r  hea t ing  on gap heat ing.  

o Uniform hea t ing  on t h e  top of t h e  tiles occurred f o r  both in - l ine  and 

staggered t i l e  p a t t e r n s  

High hea t ing  (h/hB = 3.65) was measured on t h e  f a c e s  of staggered t i l e  and 

a hot  spot: (h/hB= 0.5) w a s  observed which had a r ad ius  of 1.5 cm. 

magnitude of hea t ing  is a f f e c t e d  by u n i t  Reynolds number 

o 

The 

o For a t r ansve r se  gap ( in - l ine  tiles! the upstream s i d e  of t he  gap ex- 

perienced equal o r  higher  hea t ing  than downstream s i d e  of gap. This  same 

type heat ing was observed f o r  f r e e  stream tests. 

Free stream tests I n  t h e  H = 8 V.U. provided informatjcn about e f f e c t s  of 

laminar and t r a n s i t i o n a l  flow on gap heating. 

caused the boundary l a y e r  t o  become t r a n s i t i o n a l .  

Increasing u n i t  Reynolds number 

o Extremely high hea t ing  measured i n  s t a g n a t i o n  region of s taggered t i l e  during 

f r e e  stream tests. The magnitclde is a f f e c t e d  by u n i t  Reynolds number. 

Free stream tests i n  the A m e s  3.5 foo t  H.W.T. provided a d d i t i o n a l  i n s i g h t  about 

e f f e c t s  of Reynolds number. hea t ing  near t h e  gap and effects of gap o r i e n t a t i o n .  

Increasing u n i t  Reynolds number caused the  boundary 

l a y e r  t o  become t r a n s i t i o n a l  

Heating on top of t i l e  experienced pe r tu rba t ion  near  gap 

Heating near top of downstream s i d e  of gap was higher  than upstream side 

of gap 
For gaps with 30” and 60” flow o r i e n t a t i o n ,  heat ing r a t i o  near  gap s u r f a c e  

increqses  as boundary layer becomes th inne r .  Boundary l a y e r  becomes t h  inucr 

as u n i t  Reynolds number increases .  

i n  shape t o  t h a t  measured i n  CFHT 

Heating on top of t i l e  near gap increased along i n - l i n e  gap similar t o  

t h a t  observed i n  CFHT t e s t s .  

Heating d i s t r i b u t i o n  near  gap w a s  s i m i l a r  

Boundary layer parametere were examined and seve ra l  conclusions were der ived.  

o Exact boundary layer a n a l y s i s  gave e x c e l l e n t  agreement with measured f l a t  

p la te  heat  t r a n s f e r  d a t a  

o Ca l ib ra t ion  d a t a  from LaRC H 8 V.D.T. and b e e  3.5  foo t  H.W.T. a r e  v a l i d  

21 1 
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o Boundary layer  parameters were accurately determined 

o Fla t  p l a t e  ca l ibra t ion  data  (heat t ransfer ,  pressure and temperature pro- 

f i l e s  through boundary layer)  are an important p a r t  of any gap heating test. ! 

Heating diatv-ibutions measured i n  arc and wind tunneis were compared. 

o Laminar wind tunnel da ta  agrees reasonably w e l l  with laminar arc tunnel 

da ta  

o Turbulent wind tunnel da ta  ind ica tes  turbulent boundary layers  r e s u l t  i n  

higher heating i n  gaps than laminar boundary layers. 

Available gap heating theories  were examined and i t  w a s  concluded t h a t  simple 

laminar theories  are inaccurate and t h a t  turbulent theories  do not exist. 

From the  cor re la t ion  a c t i v i t i e s ,  re la t ionships  were obtained from $0 MW, 
a n d B  - 8 data. 

o Correlation equations were obtained i n  terms of dimensional and non- 

dimensional parameters f.Ul Fac i l i t i e s )  

The independent var iab ies  used i n  the cor re la t ions  were: 
f 
I 

00 2 (distance i n t o  the gap) B 
3 

o 

9 00 W (gap width) 

00 T (gap depth) 

oo Z/W, z2, T , ( z / T ) ~ ,  w t o  a power 2 

00 

00 R e  (uni t  Reynolds number) 

00 

o For f lush  t i les ,  the average heating on top of the t i l e  increases with gap 

width and increases when flow or ien ta t ion  (y) is grea ter  than 30'. (CFHT) 
Protruding tiles experience higher average heating than f lush  tiles while 

recessed tiles have a lower average heating rate. 
o Maximum heating on top of t i l e  increases  with gap width and increases  more 

s igni f icant ly  a t  (y) between 45' and 60'. (CFHT) 

o Average heating i n  gaps around four s ides  of a t i l e  (CFHT) 
00 

00 

2 t o  a power of W 

Tw/Te (temperature r a t i o  across the boundary layer)  

o 

(CFHT) 

Average heating upstream s i d e  (2) of gap is insens i t ive  t o  "y" and "Wl' 
Average hearing on downstream s i d e  of gap is f a i r l y  in sens i t i ve  t o  "y" 

and is a strong function of gap width. 

E 
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00 Average heating on downstream side of gap is much higher at all "y" 

when tile I s  protruding. 
00 Recessing the tile, generally decreases average heating on tile sides 
00 Heating distributions on side of tile are affected by "y". 

Effect is less for upstream side of gap. 
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9.0 RECOMMENDATIONS 

Although assimilation, analysis  and cor re la t ion  of  ava i lab le  gap heat ing da ta  

has been accomplished, many questions about gap heat ing as influenced by boundary 

layer  flow paramzters and gap geometry need t o  be resolved. Follcwlng is a list 
of some 

0 

0 

0 

0 

0 

0 

0 

0 

0 

of the  more important activities which need t o  be  accomplished. 

Assessment of 2 and 3 dimensional e f f e c t s  of flow within gaps by adding 

flow dams t o  t e s t  panels which employ f i e l d s  of tiles 

Evaluate heating data obtained from models with zero gaps. 

Evaluate the e f f e c t s  of w a l l  temperature on gap heating. 

Evaluate the e f f e c t  of t i le  edge radius on gap heating. 

Determine the  e f f e c t  of t i l e  or ien ta t ion ,  espec ia l ly  near 45' and i n  

laminar boundary layers  

Develop theo re t i ca l  method f o r  predict ing gap heating fo r  a turbulent 

boundary layer.  

Incorporate r e s u l t s  from 8 foot  HTST, JSC 10 MW Laminar Duct, AMES 20 MW 
Turbulent Duct, AMES 3.5 foot  1974 tests, AFFDL 50 MW A r c  Tunnel, and 

other  gap heating data  i n t o  data bank and co r re l a t e  results. 

Continue evaluation of candidate cor re la t ions  t o  improve f i t s  and t o  

co r re l a t e  l a rge r  data bank. 

Expand calculat ion procedure t o  include ref ined cor re la t ions  and other  

cor re la t ions  subsequently developed. 
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APPENDIX A 

INVERSE SOLUTION 

Convective hea t  i n  t h e  gap between RSI ies is computed using an "inverse 

solut ion" technique which is automated on the General Heat Trans fe r  Computer program. 

I n  a s t anda rd  transient s o l u t i o n ,  the heat. f l r x e s  a r z  sL2plied as boundary conditions 

and t h e  nodal temperature cc nputed. In the inverse s o l u t i o n ,  t h e  measured t e m p e r . l t  III a 

h i s t o r i e s  recorded by the  thermocouples are boundary condl t lons a?id t h e  required 

hea t  f l uxes  are computed. To i l lustrate  t h e  funct ioning of thc inve r se  so lu t  i )n 

technique, a simple one dimensional hea t  conduction problem is se tup  I n  Figure A- I - 
The b a r  is divided i n t o  t h r e e  nodes w i t b  node 1 l oca t ed  a t  an a d i a b a t i c  boundary 

and node 3 loca ted  a t  the  bouudary where t h c  t enpe ra tu re  h i s t o r y  is known. 

required :eat f l u x  is t o  be computed a t  t h e  node 3 boundary. Thermal conduction 

ara 

de f ines  c ros s  s e c t i o n a l  area and "A0" desc r ibes  t h e  t i m e  c tep.  

a t u r e s  (Ti) are a t  t h e  end of  t h e  time s t e p .  

(T1 Y T* 

Tht. 

hea t  s t o r a g e  terms are defined f o r  t h e  energy balance a t  each node. "A" 

The prlmed temper- 
1 I n  the example, (T3 ) is known and 

and q) are t h e  unknown quan i t i e s  obtained by solving the  matrix.  

F igu r s  A-2 i l lustrates how the inve r se  s o l u t i o n  works. 

A 1  
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APPEPJDIX B 

The uni ts  used i n  this polme are SI Units, except Section 2 where the raw 
data presented was in hgl i6b  Units. 
herein are given in the following table: 

Conversion factors  required for uni t s  uskd 

Physical quantity 

uective aeclting Rate 
tive Heat Transfer Coef- 
t Based on Taw/Tt - 0.895 

Transfer Coefficient 

olds Number 

loc i ty  Product 

U.S. 
Customary U n i t  

2 

2 
B t d f t  -sec 
lbmlft -sec 

Btullba 
2 Btu/ f t -sec-OF 

in. 
f t .  

l b  f /  f t 2  

l b  f 1 f t2 

l b f / f t 2  

Relft  

l b m l  f t -sec 2 

F 

F 

0 

0 

~ 

coaversion 
fac tor  

(*I 

3 
4 

2.324 x 10 

2.042 x 10 

2.54 x 
0.305 

47.88 

47.88 x 10 

47.88 x 10 

3.28 

4.88 

3 

6 

519 (OF-32) 

519 (OFI-460) 

SI Unit 

2 Watts lm 
lcglEQ2-s 

2 0  
Jk 
W a t t s l m  - 
P 

m 

N/m2 

m/m2 
malm2 
Re/m 
Kg/m -S 2 

C 

K 

a 

0 

f%a'ltiply value i n  U.S. Customary Unit by conversion factor  t o  obtain equivalent 

value i n  SI U n i t .  


